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OPTICAL
COMPUTING 88

BOOK OF SUMMARIES

TOULON, FRANCE
august 29 - september 2, 1988

A topical meeting of the International Coumission for optics (ICO), organized by
Societ6 Franqaiso d'Optique (SF01. a member of EUROPYICA, with the sponsorship of
Optical Society at America (OSA) and the International Soclety of optical Enkgi-
nearing (SPrI) cooperating with Association Nationale de la Recherche Technique
(ANR?).

___W



PROGRAM UPDATE

P. 14 Poster P1.02 see new title and summary enclosed

P. 18 Paper C2 was omitted from the final program

C2 Hy'brid electrmic/um olowa oticil processor
for large seale jiamed art ays, J. Rielil, J. Appel,
A.Thiriot, J. Dorey, Office National d'Etudes et
de Recherdhes Arospatiales, Chitillon (France)

P. 19 Paper C3, new title:

'f"Bit serial optical acmtirg desi'

P. 22 Paper B7 has been withdrawn and will be replaced bu. an oral post-
deadline paper

P. 23 Paper A6, new abstract

"Differenat type of memris an the base of fiber optic
round circuits of the data recirculationj for the fast
sow processing an optical copgie ame prvemted"

P. 26 Poster P2.10 see new title and smmary enclosed

P. 28 Paper D4 :see summ~ary enclosed

P. 33 Poster P3.02 has been withdrawn

POST EL49LM. rA
(abstracts and smmuaries enclosed) 7

Plostdeadline I :Optical crosbar intercnia uingU& vertical to am-rasce
tzmisix= electo-*wLmc devices (VP) K. Kubota,
Y Tashiro, K. Kasahara, S. Kawai.

Postdeadline 2 : Multiple Quanminm well. nonlinear optical d irectiomal. coupler
as a Ioi/agigeemet M. Cada, B.P. Keyworth, J.M.
Geinsici, AJ. Spring Thorpe, P. Mandaville.

Pbstdeadline 3 :Experimental results froan optical implemntation of a
simple ara~l netmak H .J. White.

Postdeadline 4 :IDual resinautor optical Inglec gae D.A. Holm, B.A. Capron.

Postdeadline 5 :Intrinsic spatial. filtering properties in 8 S 0 crystals
L.M. Zerbino, N. N4gii

Postdeadline 6 Critical coupling stregt for adusuied fouwave si1i-g
by use of sim~in intmfrmce gratings in diffiniA dom-
nt~ed stomefractive crystals; C. Damz, J . Goltz,
T. Tsdhudi.
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OPTICAL COMPUTING 88

TIOULOK. FRANCE
August 29-Septeaber 2, 1988

A TOPICAL MEETING
OF T!E INTERNATIONAL COMMISSION FOR OPTICS,

OROUXIZD BY SOCIET FKAMCAISS D'OPTIQUZ
A KINDER OF EUROPTICA

Cospousbrifif organizations

- Optical Society of America, O.S.A.
- The Ittndatiba Society of Optical Engineering, 3.P.I.B.,
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Collaborating organizations
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- Institute of Physics, 1. of P.
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Ti lbock of wmmeariee for the kftmanalW Topica
Co..to be held in Toulon (Franc.). =iie 30rspember 2, 1968 with

crgudaion by ive Frenich Optica Society an beafof to International Commission
far 0p4mTiM egis ne of as e oftopicaleti~ devoted to Optical
Computng, which also includes I* meeftg held at Luke Tah (U.S.A.) in march
1987 plais we beki mmak to he l ftoming meetnge in Sell talke City (U.S.A.) in
m"rd 1989 uncdin Jqaenin 0ul 1990.

The cal for papern of to present meefing atacted considerable response ton
to conminiy of Optica Computg so taltooi Technica Program Committee was
able to comopoe a ulceiowvery international program tat sems to
ulnownce a very interesing conference.

Session ae arranged to cover tho major aspec ts of Optl Computing.
Active and nonliser components are in a phase of fundamental progress anid much'i
hqod from lheir emergence in an inesla context. They include iqtad aystals
devices hm pctntocomputing have been renewed by too advent of fat
fe8ROCroeetc lighorytal .moduiatcrs -but also comnpound semi-concluctors that
we used in a etmliaaignumber of demonstation comnponn ts.
To a large extent, developments in the domai of optica interconinects r9*i AW
of two of nonkse components. Teed nuoa.and eve two-imensional
optca connectora offer en attacive potential for list interconnect density and may be

maecompelibe with silon or ailum aserde, integrated crcut for a number of

New omporw nen.*l new sysanm medWU ehitaspects of opticail computing
have Mscled a earg. interest. that av viaible in more than half of mhe communications in
this meg. Symboli ubshition pocreem ahave become the archetype of a series
of new coronpt in opkecl celuir processors An alternative approach is that of
neurofnei co !uIng, which lends had well to optical implementations becam of
too many non local W~IMAEVOOMIn lesi Whethe t. above two aspects of optical
computing arduitecre we comprAtle or opposed, they both rely on the central
concept of perdelism a derived from high interconnect density.

The proguem includes 14 invte p aend 95 contbute papers (47 oral
pressntdone, 40 Fpm ims) covering ree end a half dens wakcing days& Autor come
trom l9courie and no one couivy spreent more than about one thrd of the total,
so #to t m chwio a racter of me me"n is obvious.

Dhe Tedc61 Comlite wiehee to tha n h Organizing end Local
C, oW #or me ft eperon of the meet nmd too associated social-W O #Wdm OgsingCoponcring end Cooperrong Societies for tha*

i; Z dwlmli pamce for to pms11 meetingm and is gatetidly
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Al M .. LAUMMAL Ferroelotria Liquid Crtals, a now class of ma-
terials for optics and optical informatiou, processing.

- LC. VAL=, 1.3. 011. J.4.2. 31111 and R.J. CIWEEL
A o3..etroa-bew addresusable digital otical- spatial light

so - S. UNflUD and B. M3381L1 : Data stoae In photorofractives
revisit"d.

An - 1.COMMh W.A. CloIud, l.C. CUTTCK and 1.1'. l
s awel loatimm of the eloctroolimic elactr.-optic af fect to

4% -.

Ct iA,

4V~

V4~



Ferroelectric liquid Crystals

- a new class of materials for optics and
optical Information processing

S.T.Lagerwall
Physics Department

Chalmers University of Technology
S-412 96 G~teborg. Sweden

Liquid crystals have traditionally been slow (> ms) materials

which has been a limiting factor in spite of their many other

attractive features as electro-optic materials. With the advent of
surface-stabilized ferroelectric liquid crystals (SSFLC) and soft-
mode ferroelectric liquid crystals (SMFLC) their performance

has been brought up to the lis regime and beyond. We give a

review of their properties and outline their applications.
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AN ILRCTROY-BEI ADDRESSABLE DIGITAL

OPTICAL SPATIAL LIGHT MODULATOR

A.C. Walker, S.D. Smith. J.G.H. Mathew and R.J. Campbell

Department of Physics. Hariot-Watt University.

Riccarton, Edinburgh EH14 4S. UK

There is a high probability that successful optical computing devices vii

consist of massively parallel arrays of logic elements, read/write memories,

etc. One major obstacle to the adoption of such a technology will be that

of providing a suitable interface to conventional electronic information

processing.

We here present a new type of electron beam addressed spatial light

modulator which can use the standard inputs to a conventional cathode ray

tube and thus provide a route to creating this interface. The optical

component is an array of optothermal bistable switching elements.

Importantly, the power available in a CRT electron beam is such that

sufficient energy can be dumped in sequentially addressed elements for an

entire frame to be written in less than the relaxation time of the

individual elements themselves. Operated in a bistable holding mode the

entire frame can then be reset in the same time.

Optothermal optical nonlinear interference filters (NLIF) have been

exploited as bistable switches and optical logic elements for some time. If

the site scaling of such devices is exploited, by thermal pixellation,

sub-millivatt operating powers and micrs econd switchit and recovery speeds

10
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are attainable. We have developed an electron beam tuned interference

filter spatial light modulator using such nonlinear devices. It is based on

a small CRT with a thin film maltilayer target. This target is formed by

thermal evaporation of a 1LIF on the innermost surface of the tube face

plate. Refractive index changes and consequent shifts in the peak

transmission wavelength of the filter (which can also be locked to the

shifted wavelength) can be introduced by any absorbable power input.

Normally this is done using optical beams alone and is well documented. In

the present device the electron bean can be used to switch the state of an

optically bistable element, initially hold (say) in its off position, by a

pulse of electron beam energy. This provides electronic address. On the

basis of minimum theoretical switch powers of % 100 pW and switching

energies of % 10 pJ lm- 9, an e-beam of average power 10 W would be able to

address 105 pixels in 10 ps. An overall frame time of 30 ps would appear to

be practicable, in experimental terms, leading to an overall data processing

rate of 3 x 10, a factor around 100 times higher than exists on light valve

SUM's.

We present the experimental results obtained from early versions of this

device operating in the above manner and also purely as spatial light

modulators with low power laser beams. In this case the electron bean is

not used as an 'extra switch power' but rather in the role of the hold bean

which controls the wavelength at which the device is operating.

Demonstration at both 514 rn and 633 nm is shown.

7he device therefore provides a method of loading an input plane in a

parallel optical processor, a potential interrogator of a parallel memory

and in general a programable logic array plane.

11 ,
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Dataftwra - Raraoeau eKvisited

Sime REWEWO and Ber HUSSLWt
(* Ukroes'roice and Comnputer Tedmotegy Conitorib' andl (t) Stanford Unhversly

Tin rumba of a Paks now leek whelemrlc daeswi in pk*0rabrl'sw is repoud. Two. bmnovadcau a tech-
alqaefr 4 MgAhlY drymeue wrihlrad eye. &ad. a nerhdjbrbdMag -idL crysals. am describe&

Intobdcdon field. Tie result is a replicam of the origintal npped
A ims war look ban ncendly bmg matha at the poses- chag pa9! riL This pattern maimk die holographic space
bilky of a anus sWWag subsystm baed an IholI-pg Iie charge field and the efficisacy of the secostmaction is
storag in forMsev mesriak leeseg mas ms m ly quite small. Upon illuminaton with the refer.

adv F in nlcrp&i udSMolg and iluery, ot pho. ec beadi charges sedisriuss themelves revealing
g faie _ h ci isyCW sa a th goboc p C4 the doma patter. The ultmat efficiency is quite high

Iead io a method for diamaticaly, im ea wriachud (oi hisher tha the original efficiancy before die
NYAUYt and psadoced a novel Won far watea a switchig r-eid wa; appi4~ which ai atmied to over
suhuta for liuk material out of a compasi- of fier cancellation of the space chage field by local poaniza-
or small phostcalescive volumes. do switching3.

Conetusion In place of a bult phoosefhactive crystal an Army ot
The ptial cnfiuraton uil is iystanardoft cu~bis (referred so = crYstallytes) is used. each holding

input dat in 'ae form of a 2-d aM of spots, calle a 4 V M&iv Tonhis PW a IPl storag volurne a
page. A hologram of de Fm our r ara ot this OMy stakby akash.
is steed. Data i placed in do phosorefractive crystal a Rcnl ihbnwdhACdfetr aebcm
a 2-d arry of stacks of 'an pagp& Som ue t avacab& hig eandweidt a CaP eo have modla or fau
were made. Ganged ac WOptic ~c (AO) deloctos wi alble An exaple ihs a 1 A0 bandw Thiere
intervening hans is 'a x-y dillectiod systanm which byMnc Corp d hich as I. M throwidlengThisac
schies stack addressing by mtovig both reference ad meica larzgies delcto dege mms thrcowng.th device
object beasn in tmodem (for 'ae exeiet & nir - dalha aI~ deflecto a dmre aoundke ) 200 dsefr iacem
or adjused tuoro mont was substimed). Holograph- ls has a &flat= timeas 'a an n200 in sir a dm
s: Optical Emmnan (OE) were used in several places. e Andravceideimoeetinszad
A fly's eye HOE as used so WImnfte differen twit quality of CCD arrays.
positions Thes angulaIr poi ionin wn achievedi by a HOR To deal with stability problenm a non desmaictive
which was esantafy die equivalent of a leas mid a adotit techriu's is eflploPYd aNi electricall Exnig.
wadee The defvice beint was defletd Iaraiy Smlt are clacilly fixed as soon as all Pag13 wre writ-
across "u HOE by the page deflection system which is tim. A update straegy is chosen, comn for database
an AID delcwa (doe dellection in 'ae exeimn w systems, which does aoc writ in place but creses a new
done by a firn mounted on a stepper motor). Fig. Iversion. Old versions am eveitially garbage collem&.4
shows the Optical confWgUMain Spatial Light Modulators (SLM) am still see as a

sUNm as chosen a die phomarefrauve materkL poble. howve we acquired a 123 x 123 Senmek
Cerium. doped S3N:60 which is nowI becomng available CUeP SLid which can switch a row in around 100 ns
has good seitivity ad also reasonably slow dark which gives a frante rane of 13 us with die right sup-
decay. SBN king 'a additional adviane in that itoCn be MM~ elecgtoe and boot dima a 20-1l Ca at 5500

electricailly fixed. Electrical fukng -mg i procedism was ' sued A 256 x 256 version is supposed to be
by which 'ae hologrun is first poled to alig n d r po a vaiabl ilk 'ae Asre.
izaton domains. A hologram is -rPcmeded and thens fixed Capabilties Measured
by applying an electric fiel of 1.2 Kvlcm for .5 seconds nFg .As hw

m~~~pamlel ~~AP #A thoeusiPIt ~ m' targets neddto be met for a competitive m
reversal ocours at thos locatiom whims t'a nm of 'ash oag device and what was felt achievable on the othe
space charge &Wieldan applied field is abm e ameciv a f'

LEN PAE DPLETIO ~The capacity is going to be aclose one to call. even

GE aIRIATINoc though Bobcat did well in its deautssation of capacity.
HOEI= p LIMGN becanse die xignd-to-nowoio SMR, will be small at

x-vOAmTO LEAGN G timehiguh capacities Speed is 'ae advantage of this tech-

etHUrrT \ /auld be eaeded for Redspeed liiationTaXoccs 
in 'a CcD ay which requir a en energ

4~~1 ha amE Writ Roeed fue 'as matia depWAtd on
pse aid can meet "L spees& Suabliy bilets should
beAC achieve tthug elcrclIinmi a n dlessac.

LASER INN ~ LEte readom "chique. The qlity mIasn we

Asg. P: Opiade mq~saro t o t WAN ifficult ai make and 'a most subective. *
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Wi"thi he lHaited capabilities; of Bobcat they won Cumrnviiative f~d ew q
found to be substantially acceptable with no obvious

les Write 2= ilts mwt
lm- o MW~ l00V5 Mad 11011 read

stablit 10fk 1111 3: Nondestructive reads

qu ~ 06= 1O10A 0- R ociurre despite an itfial swge in the 1970's.
280x31 res edg (af The crystallvt idea is to use a composite array of

Fig. 2: Key neasweamin, reie ml. sltd-,htrfatvercrigvoue hc
On as1 tamiper the speed sod capacity results with myb either cubits (small crystals) or fibers which are

aw rmt coosiderations, Te lamw thae read. ie less asebled ina matrix to synthesize a larger volume and
cnuta on the detector sod the lowe the SNR sad the used in pOut of a bulk crystal. Typically, the cross-sec-
higher the bit-erroirsse (BER). qm transat ino don of each crystallyte is less than one millimeter and
loss of usefu capacity because a lage percentage of the int the ceof fibers cani be very long, piresently of the

- caaciy IIforaduulacy.order of tn's of centimeters. The array geometry can
wO catiactiv Reduta be tailored to specific applications and may take differ-

Non ~ ~ ~ ~ ~ ~9 Detrciv ea ute tofigurations Isolaton may be achieved by the
A major diffiulty with dta sorage using holograms N&factive idci differnces, coatings on the sides, orhde
recorded in phourefrative media has been the destruc- intervention of a substrate material.

r tive readout which Mins doe number of reads that can
be made before the SNR becomes too low.

A non destructive reaou technique was discvere CrYstallyte
which provides a new metho to proaoge constue-
taolonCStuction asymmetry. The tecluique can, under
certain coditions, produce stenhne recnsrucio support
thatis Substantially nondestructive over a very large

nubrof reconstruction cycles.
The key new ingredient is utilization of degrees of Fig. 4: Genic crystallyses

freedom in polrizati of the reconstucim beam ii.Te We have achieved, to our knowledge, the first pho-
procedure in its opium form, involves rust recordi"g torfractve holographic recordinigs in a fiber. A plane
at a Spatial freuecy of arud 200 11mm for a partics- wavet reference an an image carring object beam were
l12t length of urns with a hig applied electric fiKd uW4, the beam incident on the iber in a reflection
around 6 KWcm and ordinary polaize beams TMe geometry with the object beam propagating along the
P OarUCdon 'a thetn done With the electic &W bore The image recoded was an Air Force RES I test

reduced to around, I Ky/cm enid the polarization of tan paten. To date best resolution has been group 3 set 2
rec onsrt beam rooed 9V. The reconstructed beam whic gives 9 ymm. The limitation seems to be fiber
first dfuPS in intiy, but subselluently grOws above Surfaces and impovemt is expected, Angular sensitivi-
the startinig value, approadhig 10Dib efficiiency in sot y ranged from :L0.36 off Bragg for on axis recordings to
cases. The reconstruction is almost nondestructive with ±0o15 for 20 off axis recordings.
erasure times exceeding 6 bouts of continuous readout
This equates; to over I billion 10 us readouts with SN These experiments were carried out for two relative-
cecedin 20 di, due to high efficieny. Recording expo. ly short 4 mrm and 10 mo multimode I mmn diameter

sure wave approximately 0.3 UCM2. fibers The results suggest that an array of fibers might
favorably replace bulk materials for certain computer 4

catysltes aid signal processing applications.

previous work with photorefractive materials has been Conduis
with bulk crystals on she-order of one censtimeter by, one -At dais -juncture holostore devices still appear to have
centimeter on the face and, half a centimete in depth. it the potential for orders of magnitude better laterncies

*is dWifiu so gro larger 071CWSts Of optical qualiy the magnetic or optical disk. With respect to density,
aid, in faect, it is difficult to, grw twlecuopucally howvr became of diffiute in getting tru volumes-

* superior crystals such as BMl 3 said SIN so hal this ric Qr 3-d stoage. it looks like these tevices may only
size. As a consaqusuce of ihis difficulty wide sposmd havn the potential of masehing the densitis of nmagnetic

or optical disk.
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The Novel Application of the electroclinic
electro-optic effect to light valve technology

N. Callings, W.A. Crossland. R.C. Chittick and N.F.,Bone.
of: STC Technology Ltd
London Road
HARLMI
Essex CH17 9NA

The promise of optically addressed spatial light modulators for optical
computing includes such applications as: arrays of threshold gates with
isolation and amplification; programmable array beam deflectors; image relay
devices; and intensity-to-phase convertors. In order to improve performance
in these areas, the sensitivity, resolution and speed should be enhanced over
existing light valves. Sensitivity and resolution can be increased together
when a thin layer of amorphous silicon is used for the photoconductor. Values
of 20pW/cm2 and 35 Ip/mm were reported for nematic liquid crystal light
valves using 5 " thickness of amorphous silicon (11. Speed is increased by
employing a faster liquid crystal effect, and the use of a ferroelectric
crystal gives submillisecond response times for both switch-on and switch-off
(2). The ferroelectric crystal has two stable in-plane orientations of the
optic axis, and switching between these is accomplished by the reversal of the
DC voltage across the cell. The result is a binary modulation capability
which is important for thresholding applications. However, a number of
applications would benefit from grey-scale. This can now be obtained, while
maintaining the fast speed of response of the ferroelectric, by employing the
electroclinic effect [3,4,5,61.

The electroclinic effect is exhibited by liquid crystals which have been
heated from the ferroelectric smectic C phase into the non-ferroelectric
emetic A phase. When a DC voltage is applied across the layer, the optic axis
tilts in the plane proportionately to the applied voltage, up to a maximum
angle. Our measurements on lactate electroclinic liquid crystal mixtures
indicate that a maximum tilt angle (for the optic axis) of greater than 10
degrees can be achieved (Fig.l) Reversing the voltage will reverse the
direction of tilt, so that the overall change in the orientation of the axis
is greater than 20 degrees. The speed of response for the reorientation of
the axis is less than 10 saec at 35 V. As the temperature is increased, the

maximum tilt angle and the response time decrease (Fig 2). Therefore, a
device which is not thermostatted will only have a limited grey scale
capability. However, we estimate that a thermostatted device will have a
least 300 distinguishable grey levels.

Our experience with amorphous silicon/ferroelectric light valves (71, and, in
particular, the relative ease with which they can be fabricated, leads us to
believe chat the present device will mark a new era in light valve
technology. We will present results on prototype devices made with related
electroclinic mixtures.

References

(11 Ashley, P.R. and Davis, J.H. 1987 "Amorphous silicon photoconductor in a
liquid crystal spatial light modulator Appl. Opt. 26(2) 241

.*i, (121 Takahashi, N.S. et al. 1987 "Nigh-speed light valve using amorphous
silicon photoseasor and ferroelectric liquid Crystals" Appl. Phys. Lett.
51(16) 1233.
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131 Garoff, S. and Meyer, 3.3. 1977 "Blectroclinic effect at the A-C phase
change in a chiral swectie liquid Crystal" Phys. Rev. Lett 38(15) 848

(4) Anderuson G. et al. 1987 "Bubmicrosecond electro-optic switching in the
liquid-crystal smactic A phase: The soft-mode ferroelectric effect" Appi. Phyx

4 Lett 51(9) 640
(51 Nishlyama S. et al. 1967 "Giant electroclinic effect in chiral swectic A
phase of ferroelectric liquid crystals" Jap, J Appl Phys., 26(11) 1787
[61 Bone. M.? et al. 1988 "The electroclinic effect in some novel chiral
sweetic A ulztures" Paper submitted to the 12th International Liquid Crystal
Conference In Freiburg, Vest Germany (12-19 August)
(7) Williams. D. et al 1988 "An amorphous silicon chiral smectic spatial light
modulator" Paper presented at ZCOOSA 68 in Birmingham. England (22-25 March).
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VRACAL MAWWAG ORMS
FOR HOLOGRAPHIC OPTICA" INUCONNECTIONS

Denzst,! Pseltis and ZIang-guang Gu
Caliornia, Institute of Technology

Department of Electrical Engineering
Poedesta, Ca~enI. 1125

ABSTRACT
The complete family of fractal sampling grids f1r nerformnin N"/2 N-. N" nappings

will be derived. A new set of grids apable of performing any B1 
.- Nsd, 1:5 d:5 2, will

be introduced.

SUMMAARY
The fact that volume holograms store hInfonm In 3-D provides us with the ca-

pability to stote the connecting weights at very high density In optical neural computers.
Typically, a volume hologram In used to Interconnect pixels (Ineuron.') arranged in 2-D
surfaces. In order to fally Interconnect a "D array of neurons to another 2-D array of
neuros we need a 4-D tumor of weights. Since a volume hologram. Is a 3-D storage device,
we canotrealise this Iteeconnectien with a hologram whose dimenilon is comparable to
the dimension, of the planes being interconnected.

We haipeirosy ei a sampling grid of fractal dimension 3/2 that is capable
of implementing a N319 s-4 NSA mapping Where N Is the number of pixels In 1-D at the
plano that are being Interconnected. In thi presentation we will derive the set of necessary
and suflicient condition. that a samplng grid must satisf such that each, holographic
grating recorded In the volume hologram can indeendetly interconnect a separate pair
of pixel. Based on this we will derive the complet family of fractal grids of dimension
3/2, to Implement N'?'1- NSA' mappings. We wilt than dedne a niew set of sampling
gridts that Is cap"bl of necn tn patterns Nd i'. N*sd for any d in the range
1:54dS2. We will derive the optimal relationships between the parameters of the optical
system (focal length and aperture of the leases) to optimally realise the capacity of the
volume holograma for any rectanularl shaped crystal, and calculate the storage density
(connection/cm') for this optimised geometry. inally, we will show the results of an
experimental demnonstatin that verills the mey high density (> 10' connectIon/cm')
obtainable with volume holoraws.
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7?~Adaptive Optd aNewealNetworks

SUniest of Ariom

Tuco Ax $5721

Optical implementation of neural network mo t of is using Ihotorefractivo hologrphic

interconnections and optical neurons will be presented, and the capabilities and limittio of this approach

will be explored. Previously, we have described optical implementations of the back propagation

supvPW ed learning proceduraland a competitive unsupervised lerning architectures, and the salient

fem fal optical implementations of the algorithms will be s and com with

mmtO toak imoplementations of the neurons.
The back propagation network i a self aligning architecture that can utilize nonlinear etalons as the

neurons, in a polariztion multiplexed pump probe mode that can be Implemented using the giant I
bound excie.o in cryogenic anisotropic CdS platelets. The trasnsissions from an army of nonlinear etalons
can also be used to lmplement-a competitive network. This is based on the competitive dynamics realized

from mutually insreosmecting the reflections from the array of nonlinear stab., operating when they are
itoperati in the regim of negative diWeret reflectance. The power requirements of the nonlinear

etaloms an quits high in both of these networks, so a hybrid optoelectonic nonlinear mechanism was

designed for incorporation i. a self-aigning competitive optical learml network.
This OPeslconie competitive mechiasm can be realized using an integrated array of modulator-

detetor pls Connected to an electronic nonspecific global inhibition circuit. An electroabsorbtion

modulator can be grown on top of a PIN photdiode with an integrated dielectric multilayer mirror

structure underneath, and each soch unit is connected to a transistor pair of the nonspecific inhibition

circuit. The m1odulasor ad detecor sh we a commos cewa lead for b'tinl, but each has its own

additioal wire for it ae modulaon mad detection signals, so i structure is similar to a symmetric

SEED. An. army of .ts dvces is connected - to th nonspecific global inhibition circuit, and the

operation is as follows Initially under no illumintion or uniform illumination all of the modulators have a
low vo0tage applied, ad a r in the high absotio state, so very little photourrent is generated in any of

the phowdodes. When slightly more light is applied to one device An amy of the others, then a little of

the applied ight looms through the modulator to d photodiode, producing more current, so this device

begins to win the olectro competition, and consequently an exponentially higher voltage is applied to its

modulator. ThIs biom the transmittance of the modulator so that even more current is generated by the

phowdiode so that tho modulator voke and transmittance continue to go up, etc., until it hits the voltage

rails. At this point the modulaor associaled with the the slightly broe input is fully transmitting. Thus a

large reflected intensity is produced from the integrated mirror structure, while an of the rest of the

devices am felly absorbing sad Pde very little reflecnc This combination of electronic Competition
with Optical fts and ou ut my be the most practical approach Wo a competitive optical

20I
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u n've burning schemes, the competitive learning network Upon each pattern presentation this
network strenth..m the ilescaectioes to tdo neuron with the largest presymaptic input, while slightly
weakening all of the other intercomectices. This adptve network is able to discover topologicafly salient
statistical inVarSian astationerY Input environments without the aid of a teacher, and maultiayer
groupings of thes networks can perform clsuifiatioms that are not linearly separable An attractive
feature of this network is that all of the heaned interoonnections are excitatory, or positive, ao that the
optical Iaploaetatlcn does nM have to include phse Encoding for interferometric bipolar holograhic

insrooaetioa.In order So stablia this type of heaming procedure, an input pattern normalization and
weighes 1ota decay are rewuired. A Eudidean input pattern normalizaion as automatically accomplished
when using photorufractive crystals for the adaptive Interconnections becaus of their sensitivity to

neferomenit cootrast, or modulation depth, which gives a space charge exposure perturbation dhat is
prOortictul to the outer product of the input fields divided by the total incident intensity. At the sam
time tin holograms are always forgetting some of the stored interconnections through incoherent ersure

and thermal (or dark) aete. These features can be incorporated into the self aligning hybrid
j optoAsletOmIN& conPetiivehaming architecture shown schematically in the lFigure.

Finally, preliminary experimental results of an optical learning network will be presented for a very
-simple unspervised two, des recognition problem In this experiment an input image is diffracted by a
volume 'hologrm- into.-.e of. two diffracted beas, which ae detected and compared. The lager
diffracted imag inne product initises an electromechanical competition that opens one of two apertures,
thereby illuminating the crys"a with the app noriao reference beam, and strengthening the correponding
image interconnections while slightly arming the others, in order to complete a leaning cycle.

I. L Wagner and D. FIRltis, Mialtilayer Optical Larning Networks, Applied Optics, voL 26M2), p. 3061

2. IL. Wagner and.D. Faitb, Nonlinear etaloes in competitive optical learning networks, ICN (1987).
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Adaptive Lmarnng with Hidden Units Using a Single Photorefractive Crystal

Carsens Peason and Stim Redfield
Miwomehimt and Cnpuw Teehalug Cowoorallion

A OW . d OV --Im -e juuw .'Neuwe &=d en phomefw** w sechneley is presenWe. LiwAm w.ith

Mhdu .a&to how W"du* a unfessft Od a AydSO iL

Save fiped ha d q*lMurd am imul thas pe-
Isss 0 s 10m'sl bssop the ha 2 0h

hi L sider So ~ . I *** o

Sepuiuilmu h a lgorihM. NO bsch-Prepeaio Fig.! Geuer.:xiox of tku 10)0 uidrror a'pmasey
3olxm. acb~s sd m field theory have shown prebkmw usk.~ Mi (a) dad the nodifie algodPun (b)
Pm 91=01010 W w ith I i01dm.1 We lam feami a1 Pholorefracive Read-write Process; De-
UsV ORuih IaIn of doe -us field dusory rm-I Weights said Novel Phessouna

very aukabl fa op"ca lbimmhom 1, win ISCK lweativ MUeM&l 1 be uMed M a d4nami
ly discovemed seaftwah plusmmas il Phon 1 tcve storage modia for interconnect state of a neural net-
crsas. woL Te ndo involves recording hologrants or

Mean Field Theory Lemming RhYislhd gratim via two wave mining. An sucidivat obpec
First Ist the Ml. ingnedes of tisalciht beam whoa intensity can be made to correapond to a
Lsaing Wat ianlce by updating th sptic weighs Vi. togther Aith a rference beam whose intensity

cfabe Maotoconvespond saVp foramisapaingin
AT~~(V 1V-Vj') vi a recor phase. The coupling efficiency or a 'd Of

who 0 is aw and VON Wtfa this graing is then proportional to Vj'4. In a read or
mee Bneptoducti phas an imipinging reference beam uscont-

-l i[lItaMb(zV T) (2) stuf the object beamn from the grat.

wham viie wi an ehmmw. Vi, and porlally The recording F nrcem In a photorefractive mateni-
chmsp4 %I.n***gy. I orde to tiids ais complex. When considering applications certain

algithie an M P a f or an O pdl* toreacive silifying assumnptions can usually be made. Under

alrthm ino amoo bfout uwat for fiatin am them mumptions during recordin, for a given writ
tWO ~ ~ ~ ~ ~ ~ ~ eeg density.f5Otlu~~fCtit5 f efficiency. 1q, grOWS with write expo-
noobdsuredw aproahingasymptotically a saturation val-

Syhrom*.w ypafag: In the original formulation ue_ %, with im constant. Ts. This time cosa is
aani~tou Wfdtin was aaued is Sq. (21. inversely propordonal to writs intesity or

Hodeverg in nptical kq =OI I )-6*C I. For short timies, t~ecT,, and nearly

thatMf mlin Wq vA* wIt updating balsuced beam strengths. tho following appremmsamion
only require a faeo 2 sai. israloma. Is reasonable:

* Irusitift Virg: . [ ii I~ issmarit- tingof yIV SWa sinsednmawrof hichu am [5]Is
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The connection between a pair of mamis re of neurons. nlnj, a small grting is held in die crystal5
seated by a small 41111acdam Voting. The ufficisacy wm stmg*i corresponds to their interconnect
of dd .grde carsod;t h- acaotw& T,, To fuly umine, the capacity of die vol.
beadu ca bte a Te patagestutv o of a usot hologram incident patterns an dhe SL.M will be

In cn b taen dvatag d o gve agan aged.i a fracta fashio. Learning takes plate ncr-
weigh rodlficin as illustrated by ftg 2 The Wlvey with eachs cycle haingq two phuases a dlamped

amIIIIIII 0C*uplng efIRCIWncy Or weigh 111104149* &W1  phase which compute a set of V,, and a paslially
duigtemodfcto period us uiven br. damped phase which computes a set of VI. A
w1 UVi read decay + write comntuction dampfed phase proceed as follotvs: (1) the

iuipualoutput neuron am fixed or clamnped, to a predeter-
a -C Id ti , 1.mined set of values. (2) the SIN crystal. holdings the

Lw1  A'11Etdlrtl~sw. j e[7 es value of Tg. acts as a mamtrx multiplier for

1T4 Eq. 121 die Vj being imposed on the reference beam

Te : +: SLU, (3) after alarge number of iterations astable
sate forte Viis reached. (4) the impoed an

:g 0 both SI.d's so VV interfere in the crystal at die hocs.

;N _12")1 tiona of the graing correponding to TiU and the system

enhancemecnt occurs per Eq. 3 A partially clamped

t,12 t 2 t 2' intken ut nuons mme fie adte sexgrateps
Itl :Ueof phoareftactive derc~mt c described in die above table. The method described in

eeorplsh negatve reintforcemn. the previous section is used for accomplishing negative

The "wlearning" phase of Eq. 4 as slightly adjustments.
complicated since all gratings are by definition posi-Lae
tive. However by manipulasting V1 in die Slid's atl
according to the following 4 steps the negative incee- BS Filter
ment of Eq. 4 can be accomplished.

beam I bam2 Al-a 2

Len

2k k

At doe completion of the learning omne ow wanes Spatial
to hem grating efflesies. In the past this has been Mirror Threshold end SLM control
a prblem because with w th nva nev ol Electronics
gradually fade die recordings. We hav discovered a
techesque for controlling destruction raw It was 2W Fig. 3: The cor$guratio of the Optical Neural

cessaully dernostrid sdot by varying die polariza. NehVwrk Machine

bion auctions of the object and referuee beamt with When using the neural network for production

respect to die crynta ais dhe day could be alms (feature ecognition. etc.) appropriate input nerons
completly tunea wre clamped corresponding to an input and die corre-

Pboewrdractive Learning
The syma configurfation has two Principal opical Summary
pad.. sfrehnce peub ad object: path Bach path has a Thbe architecture. dusailed, is iL vcbn. simple way-.1or-.

-spidd Abile,. basp iki, di-iw llmd uagtg leas inplemeting a neural network with hidden unit cpu
sysiam. Do object path ends with a CCID arma. lbs oily. We we preently in the process of comnsructing
phaosrelrautive crystal is SON man maan ion lhuer is such a machine at MCC and hope to have reslts at die

* used a a coheren light source (ftg. 3. For echb pair time ofdte conference.
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Information Capacity of Spatial Light Modulators

A. V. omenko, S.V. iridonov, M.G. Shlyagin

A.P.Ioffe physical Technical Institute of the Academy
of Sciences, Leningrad, 194021, USSR

Spatial light modulators (SINs) are mainly used as input

devices in optical information processing systems. Among the
parameters which typically characterize a SLI, the information

capacity is of special importance because it takes into account

both the transfer function and dynamic range governed by the

inherent noise level and maximum light modulation amplitude

achievable for a SLM when a wideband signal is recorded.

In this report we suggest the experimental technique for

estimating the information capacity of a SLM used in coherent

optical systems. The technique involves recording a Fourier-

hologram of a diffuse scatterer whose shape determines the

spectrum of the wideband signal and measuring the signal-to-

noise ratio as a function of spatial frequency in the Fourier

plane of the optical system. The specific information capacity

of the optical signal reconstructed from the SL was calculated

using our experimental data and the expression taken from /l/.

The technique is illustrated using the PRIZ SIX as an

example /2-3/. It is shown that the maximum information capa-
city is reached for the optimum width of the recorded signal

spectrum determined by the noise level of the system. The spe-

cific information capacity of the reconstructed signal for the

optimum width of the spectrum of 15 mm -1 for the PRIZ was

105 bit/cm2.

Since the information capacity gives an adequate estimate

of the information processing capabilities of the optical sys-

tems utilizing SIN., the technique can be used for comparison
of different types of modulators and a proper choice of the SL.

References

1. Shannon C. Communication in the presence of noise. PIRE, 37,
1, 10 (1949).

2. M.P.Petrov, A.V.Khomenko. Physical basis of operation of the
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Stochastic Modeling of Optoelectronic Distributed Arithmetic Units

C.D. Knittle and S.S. Udpa
NSF ERC for Optoelectronic Computing Systems

Department of Electrical Engineering
Colorado State University

Fort Collins, CO 80523, U.S.A.

Abstract

The Optical Distributed Arithmetic Unit (ODAU), in its simplest form,

consists of an Optical Modulator Array (OMA) coupled to a photodetector

array. The OMA uses a charge coupled device structure built on multiple

quantum wells of InP/CaAs. The stack is placed in front of a lens and laser

diode arrangement which ensures uniform distribution of the light generated

by the diode over the OMA. The ODAU is capable of multiplying and adding

two binary bit streams. Multiplication, for example, is performed by

clocking the multiplicand into the OMA and applying the multiplier bit

stream to the laser diode. Implementation of a controlled sequence of

shifts, additions and carry operations results in the multiplication of the

two numbers. Two dimensional versions of the device allow vector-scalar

multiplication. After a detailed description of the device, the paper

presents a model describing the operation of the device incorporating

several sources of noise. Analytical expressions for the mean and variance

of the cell voltages in the OMA and the photodetector are presented.

Results characterizing the operation of an adder are also presented. These

results have not only confirmed that the device is viable but has also

enabled the optimum selection of device parameters. The paper concludes j
with a discussion on variations of the device which can greatly enhance the

utility of the device.
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THE TITUS LIGHT MODULATOR IN OPTICAL PROCESSING

Par :
Yves KOCHER (SODERN*), Guy LEBRETON (GESSY**), Bernard MOREAU (ONERA***)

SUMMARY :

The TITUS Spatial Light Modulator (SLM) has been developped for large screen
videoprojection applications (TV projection, data display in command rooms, training
simulators).

Its use in optical processing applications, especially with coherent light, is
considered in this paper.

The TITUS SLM is based on the Pockels effect using a DKDP (K0?P04 ) crystal.
We will describe how this effect is used in the TITUS tube and the various operating
modes :

* amplitude or phase modulation,
* voltage stabilization mode (providing simultaneous erasing and writing of
the image),
* or charge accumulation mode (with sequential writing and erasing).

We describe the test equipment used to characterize electrically-addressed
spatial light modulators, and give the descrip-tion of the tests with specific
resulting data : impulse response, resolution, linearity and uniformity of response,
writing/erasing speed,...

We examine several optical processing applications and analyze at functional
and performance point of view which ones are promoting

* SAR signal processing,
* sonar signal processing,
* adaptative optics.
* analog or digital optical matrix calculations (especially for high data,
flux applications).

In conclusion, we address the potential evolution of TITUS. Some possible
modifications of the tube are presented, together with the expected performance
improvements.

ABSTRACT

After a review of the principles of operation and the main characteristics of
the TITUS SLM, we discuss its use in some optical processing applications and the
expected results.

* SOCIETE ANONYME D'ETUDES ET DE REALISATIONS NUCLEAIRES
** GROUPE 'ETUDES DE SIGNAUX ET SYSTEMES (Universiti de Toulon et du Var)
*** OFFICE NATIONAL D'ETUDES ET DE RECHERCHES AEROSPATIALES
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Phase or amplitude modulation by birefringence
in a liquid-crystal spatial light modulator.

M.J. Ranshaw, D.G. Vass and R.M. Sillitto,
Department of Physics, University of Edinburgh,

Mayfield Road, Edinburgh. EH9 3JZ. U.K.

Introduction

We describe an electronically-addressed liquid-crystal SLH. The
device consists of a parallel nematic LC above a VLSI backplane and uses
the field-induced birefringence effect'). By suitable polariser / analyser
combinations, the device can be configured as either an amplitude or phase
modulator.

The SLr, structure

The prototype array2 ) used to drive the device has 16 x 16 pixels
spaced 200im apart on a square array. Each pixel has a static memory
element which determines the electronic state of a 100 x 100 umr electrode
/ mirror. The 12um liquid crystal layer (BDH E7) Is contained between the
drive chip and a counter-electrode of indium tin oxide coated glass. The
LC is secured in the homogeneous configuration by obliquely evaporated
magnesium fluoride layers on the chip and counter-electrode surfaces. Each
pixel thus acts as a variably birefringent plate whose extraordinary
refractive Index depends on the applied peak to peak voltage.

A consequence of using nMOS circuitry is that the logic "1" value of
the electrode voltage (- VD) 1 restricted to be above about 3.5 V. This
requires using an ott-set wave train on the counter-electrode to obtain the
required a.c. voltages across the LC. The electronic circuitry, truth
table and voltage drive signals are Illustrated in fig.1.

Amplltude modulation

The SLA can be operated as an amplitude modulator by placing it
between crossed polaroids at 454 to the optic axis of the LC layer. In
this case a phase difference 6 is introduced between the e- and
o-components reflected from each pixel having a LC layer thickness d such
that

"w d (ne(V) - no).

The transmitted intensity is given by I - Ioso (os )

The pixel acts as a binary amplitude filter by arranging that 6 - 2my for
a logic value 0 and 6 - (2m.l)w for a logic value 1; m is a small integer.
Preferably m - 0 to reduce the effect of cell thickness non-uniformities.

Figure 2(a) shows a SLM imaged in coherent light and programed with a
high pass filter' pattern. We will present results of simple binary
amplitude filtering operations by the device.

Phase modulation

41The 51)4 can also be operated as a pure phase-modulator by arranging
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that the incident light is polarised parallel to the extraordinary
refractive index of the LC. Arty change Induced in this refractive index
manifests Itself as a phase change of the transmitted light.

Figure 2(b)shows the SLZ4 programmed with phase differences of irf
radians between alternate columns of the array. Figure 2(c) shows the
optical Fourier Transform of this phase grating, with the expected spatial
frequency ccmponent associated with the columns twice that associated with
the rows.

Binary phase correlator 3

The device has been used successfully as a phase only filter In the
Fourier plane of a coherent optical correlator. We will present results of
this application.

References
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Optimum sldelobe-reduclng Invariant filters for pattern recognition

J. Campos
Departamento de fisica, Universidad de Barcelona, c/Diagonal, 647, 08028

Barcelona, Spain

H. H. Arsenault
Laboratoire de recherches en optique et laser, Universit6 Laval, Qu6bec, P. Q.,

Canada, G1K 7P4

SUMMARY

Matched filters based on Circular harmonic components allow objects to be

recognized independently of their position or orientation. Linear combinations

of such filters, or CHC composite filters, improve the recognition and

classification performance of the method. Composite filters are however

associated with high sidelobes that degrade the performance of the filter. New

techniques to improve the peak to sidelobe ratio of the outputs from invariant

filters will be reviewed. One of them is to choose the coefficients of a composite

filter in such a way that the peak to sidelobe ratio is increased. We have found

that an efficient way to accomplish this is to minimize the energy that goes into

the sidelobes.

The filter In is a linear combination of the CH components

hm= aiM

where the coefficients q of the linear combination are chosen to satisfy the

following constraints

.T * T

=m 17 h =a j=1, 2, n
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where the superscript T denotes the transpose, denotes complex conjugate,
and Is a desired cross-correlation output value.

If the lilter 4n Is a m-t CH component with mvmO, the average flter amplitude is

< t6>mO. In this case, the correlation amplitude variance Is proportional to

correlation energy, and the problem of minimnizing the correlation amplitude
variance is equivalent to minimizing the correlation energy. The energy of the I-
th correlation plane Is

E = Hrnq Hm

where the superscript + denotes the conjugate transpose of a complex vector,
and 11 Is a diagonal matrix of size dxd whose diagonal elements are the

magnitude square of the associated elements of F'm- i.e.

D, (u-u) =IF'm(u)12

Experimental results show that a considerable decrease of sidelobes may be
achieved with this method. The performance of the method will be compared
with that of other existing methods. The matched filters can be made as
computer-generated holograms, and the method can be implemented either
optically or by digital means.

33



ADDITIOx OF DBOIMAI IUBit TBMUGH FBIM OPTIC SPATIAL MAPS

A.K.Datta, A.Basouray, 5oMukhopadhy

muoaional Resources Centre on Optical Electronics
Department of Applied Physics, Calcutta University,
92, Aoazyya Prafulla Chandra Road
Calcutta - 700009, INDIA.

To exploit the fulfl advantages-,Of parallelism in
optics, for computing ani processing, each digit must be

independent to its preceeding digit, ie, there should not

be any 'oary' or 'borrow'. Many coding, masking, decoding

techniques have been proposed and many new systems are

reported where carry less operations in 2-D are performed.

In this oontext the importance of residue number system is

well felt, which allows simultaneous operations of all

digits without any interference between them. Second important

advantage offered by the residue technique arises from the

fact that the calculations can be decomposed into small

sub-caloulat ions with reduction in the complexity. Three

steps are to be considered when our attempts to use residue

technique for optical cmputations in parallel. They are

(a) conversion of decimal nuber to residue (b) arithmetic

operation in residue form azt (c) conversion of the result from

residue to decimal nmber.

In this paper we propose a scheme where the above

mentioned three steps are performed with the help of light

sources, fibre optic maps and electronic or optical logic

sates. Basic building block and heart of the system is a

fibre optic spatial map as proposed by ueng etal [ App.Optics

18, 2, 1979]. It has been shown and established mathematically

that only two types of map are necessary for converting any

decimal number to its residue, provided certain rules are
observed. Once the residue of a amber is available, we may

. mwitch on the respective light sources in the 'adder' section

which is again a fibre optics map. These maps have two

channels instead of a single connection as proposed earlier.

.h. addend decimal nber is also converted to residue.

4..



TUBs residue number allows the switching of proper map from
upper charnel to lover ohannel. The result is obtained in the
residuea system gnd in represented by light coming out of the
propei' fibre. Electronic or optical logic grates can then be used
to convert the residue numbir to decimal 'amber. In this context
the application of optLsml Fred.kin gate is also explored.

The system Is explaine& in the proposed paper.* It must
be appreciated that the system proposed intends to establish the
possibility of aritbnetic operation through residue system with the
help of fibre optic spatial maps# modified aording to the need
of operations.
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SCALE INVARIANT PATTERN RECOGNITION

D. Mendlovic, E. Marom and N. Konforti

Faculty of Engineering, Tel Aviv University, Tel Aviv, Israel, 69978

Optical pattern recognition has been long considered a very useful tool in machine vision, robotics,
automation and image understanding. However, being based on pattern correlation, conventional
matched filter schemes, also known as Vander Lugt correlators, suffer from the need to handle
scenes that have the same size and orientation, thus allowing only for lateral shift invariances. For
many applications it would be highly desirable to generate filters that provide not only lateral shift
invariance, automatically provided by the matched filter, but rotation and scale invariances as well.
in this work we present a novel approach for a scale and shift invariant filter. This approach is dual
to the ome used for the circular harmonics expansion[l]. It is based on decomposing the object into
an orthogonal set of functions, called here Mellin Radial Harmonics, each harmonic exhibiting scale
invariancy.

Borrowing from the Mellin transform definition, one can treat a pattern expressed in polar coordi-
nates f(r,9), by decomposing it into a set of functions (1 i2 rM-1), each one of them being invariant
to scale changes:

fRpO) - fM (S) pi-M (i)

M---oo

with

fm (9) - f(o,p) p-'lr'-' w dp (2)

where w is a weighting constant, R is the finite size of the pattern (at its maximal scale) r. is the
smallest radius used in defining the expansion and p - r/R is a normalized radius. To get the ortho-
gonality of this set the choice of r. will be such that (in R - In r.) is an integer L. The weighting
constant was found to be w-l/L. This expansion provides shift and scale invariance in deriving the
correlation of images, if a single radial harmonic is used.

The notation f(rZ,,') will be used to point out the polar coordinates (rf) as well as (f,r) the loca-
tion of the origin (in Cartesian coordinates) of the polar expansion. The same notation in a Cartesian
representation would be f(x,yf,). Due to t.'e orthogonality and the completeness of the Mellin
radial harmonics set, the correlation function between this matched filter and any input pattern
g(x,y) can be written as:

00 00

Cf, (x"',e) - Jf [ g(X+x'Y,yy) f;* (x~yf.r) dx dy (3)I

where (x',y') identify the Cartesian coordinates in the correlation plane, () is the expansion center
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used in making the fila and fF(xy,,C) is the filter function expressed in Cartesian coordinates.
Using the same radial harmonics expansion for S, one can get the orrelation function with an
object g(APA

Cs 0 (x',y') - ~ m  c. , (4)

A scale change thus results in only an additional phase factor in the correlation function expression,
the relative intensity distribution of the correlati 'n pattern remaining unaffected. Therefore using a
single radial harmonic, lateral shift and scale i,.variant correlations can be obtained. For a better
signal to noise ratio ume of multiple harmonics is preferred, but unfortunately, the ue of two or
more harmonics simultaneously is detrimental, since different phase terms are associated with each
harmonic.

The concepts derived in this paper have been experimentally tested with images of various sizes
coqisting of binary alghabethic letters. We chow the letter E and the filter was calculated usin8 the
second harmonic M=2; R was 50 units and L was 34resulting in r-2.5). Tw height of the original
letter E was 25 units. The filter is a binary computed generated hologram calculated and plotted via
Lohnumn's detour phase method[2 ] with a resolution of 64x64 pixels This filter pattern was pho-
toreduced to a size of 1OxlO -u on Agfa Geveert Miliimask plates. Using a conventional correlation
set-up, we observe in Fig. I the cross-correlation of several letters E having different sizes.

Fig. I: Input objects (four letters E of different scales) are on the left and the corresponding four
cross-correlation patterns are on the right.

We should note that the recognition is limited to input patterns that are within the dynamic range of
rotr<R. In our experiments this area is 3<r<50 units, the original size of the E being 25 units, with
5 units allowed to each branch of the letter. The system was able to recognize letters that where in
the range of 50% - 200% only of the original size.

References

I. H. H. Arsenault and Y. N. Hsu, App1. Opt. 22, 130 (1963).
2. A. W. Lohmann and D. P. Paris, App.L Ot. 6-, 1567 (1967).
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I*NCC~hRCT ADML INERSION PROCESSOR.* DSASE ON SERIES EXPANSION4

asian V. Pantelic
Institute Of Physics Belgrade

Abet Inversion is an important technique in a various

applications likes Plasma Physics. interferometry, aerodynamics.

it In. &lSO* numerically intense. requiring different

reaularisation techniques. Therefore. it is of great interest to

Perform Abel Inversion optically. because of its inherent

Parallelilse.

In this paper ~w. are proposing an incoherent optical Processor

that can perform Abel inversion, The purpose of this kind of

processor is the real time inversion In plasma physics.

Classically, radial distribution Of eMissivity In cylindrical

Plassa "as daerisined In the following ways emitted radiation was

detected. r#HsUltS discretized and inversion was Performed

numerically. It is Obvious that the real time operation is not

possible, because Abel iriersion is numerically intense.

Let's emplain the Princip-le of operation of our processor. We

wera not able to use classical inversion formulas

I I f'(x) dx
(1) Ftr)- -- 1 - - -- - -

r

-for the tow reasons: kernel possesses a singularity and the first

derivation of the function ftx) Should be Computed.

We avoided the problem using the series expansion technique.

The function f(xW, whose inversion had to be found. was expanded

in a series of TChebychseFf Orthogonal polynomials:

~ 1 ~ ~ -_____________________________its_

y ~ __________________________
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(2) f(X) L C... Tur(X)

where Tn. Is 2n-th Tchebycheff polynomial. Expansion coefficients

C. were found as (this operation io easily performed optically)$
- I

f
(3) C..- I f (X)T. (X) (I-X-) dX

we have shown that the Abel inversion of TchebYCheff

polynomial T=m.x) Is Zernhlce polynomial Z..(r). Therefore. the

Abel Inversion of the function 4(x) Is the function F(r). given

as (this IS. &lSO, Implemented optiCAlly),

(4) f (r) - F- On Z....(r)

In an experimental Setup We have represented orthogonal

polynomials T=.. and Zn.. as computer generated transparencies

fbias Was added since Tm-. And Z... are -functions of variable

sign). Light distribution, that had to be inverted. was a line

source. Integration In equation (3) and Summation In equation (4)

were done by cylindrical optics.

Experiments showed good agreement with theoretical

predictions. Also. we were able to Chose a degree of smoothness

of the reconstructed function, Simply by Increasing or decreasing

the number of terms in a Series expansion. experimentally, it was

done bY Masking appropriate part of the computer generated

transparencies Twhnand Za..

Similar technique can be USed to perform some other integral

transformations. m owever * systems of orthogonal polynomials

Should be Chosen Such that Interval Of Orthogonality is finite

and weighting function Is without singularities.
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Spatially Non-Coherent Processing With Infra-Red or Millimeter Waves

E. L. Rope, J. Nilles, and Dr. G. Tricoles

General Dynamics Electronics Div., P.O.Box 85227, San Diego, CA 92138 USA

In many cases microwave and radio wave holography suffer from time delays and image

distortions. Delays occur in data acquisition, processing, and display; this paper treats
processing and display, but t omits the acquisition delay which depends on sensor architecture.

Image distortion occurs when formation and reconstruction wavelengths differ. Although digital

reconstruction avoids this scaling problem, delays occur in sampling, digitizing, and

processing.

To overcome delays we have made reconstructions with spatially non-coherent arrangements

that compute Fourier transforms. In these experiments a hologram is doubled; that is a pair of

axially symmetric holograms are produced. An axially symmetric pair of points in the
holograms radiate coherently, but pairs are spatially non-coherent. Intensities from pairs add.

To reduce distortions that arise when formation and reconstruction wavelengths differ

significantly we have utilized an infra-red setup and another millimeter wave setup for

reconstruction from microwave holograms.

Two theoretical descriptions of the reconstruction are given. One starts with a hologram

configuration and computes Fraunhofer region image intensity of doubled hologram, assuming
point sources. The other also computes farfield intensity, but it includes hologram formation for

a point object and reference source; this theory involves integration over continuous apertures

rather than discrete point sources.

Both theories predict image locations that agree with measurement. The discrete theory predicts
magnitudes that more closely agree with the experiment. The continuous theory provides

physical Interpretation for image properties.

Reconstruction experiments were done with previously formed holograms. The holograms were

of a log periodic antenna radiating first in its sum mode and then in its difference mode.
Wavelength was 3.30 cm.

Reconstructions were done with coherent infra-red radiation from a line array of four 0.85gim
solid-state lasers, which replicated the hologram Intensities. Holograms were doubled by

directing the output of a laser to a pair of optical fibers. Reconstruction intensity was measured

by an array Qf charge-coupled devices.

~"K
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Reconsructons were also done with 8.57 mm waves. A pair of waveguides was connected to a
signal generator. Both dielectric and hollow metallic wavegudes were used. Interference fringe
ntensity was separately measured lor four spacings of the radiating ends of the waveguides by

scanning the Image region with a smal receiving antenna. The Intensity for each spacing was

stored in a computer and intensities for the four spacings were summed to effect noncoherent

superposition.

The 0.85~m reconstructions were described better by the discrete theory rather than the

continuous; image locations were correct for both, but second-order image intensity was more
accurate for the discrete theory. The continuous theory described the magnitudes of the

millimeter wave reconstruction better than did the discrete theory. The apparent reason Is in

the width of hologram fringes compared to widths of radiation sources. That is, the element

factor enters.
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Application of a Microchannel Spatial Light Modulator to
Real-time Joint Transform Correlation

F.T.S. Yu, Q.W. Song
Electrical Engineering Department

The Pennsylvania State University, University Park, PA 16802

Y. Suzuki, M. Wu
Hamamatsu Photonics KK. Hamamatsu city, Japan

I. Introduction
The feat developing, optically addressed, microchannel spatial light modulator

(MSLM) I1 is a very promising interfacing device for optical information processing.
The LM consists of a photocathode, a microchannel plate, an accelerating grid,
and an electro-optical (E-O) crystal plate arranged sequentially in a vacuum device.
In operation, the functions such as photo electron generation, multiplication, transfer,
and read-out light modulation are performed with each functional component. It is
rather easy to tailor the MSLM device for various optical operations. Recently, this
MSLM has drawn some attention in various optical processing applications.

In this paper, we shall present a programmable real-time optical joint transform
correlator [21 that uses the threshold hard-clipping property of a MSLM to generate
sharper and higher autocorrelation peaks. Basic principle and a preliminary experi-
mental result are given.

UI. Basic principle

The schematic diagram of the microcomputer based JTC is shown in Fig.l.

LCTV L, L1 LS PBS L,4  PO CCD Camera

TV Camera

Fig.l The schematic of a progranmable optical joint transform correlator.

The liquid crystal plate of a LCTV is used to display a real-time target and a reference
image, at the input plane of an optical processor. The working principle of the LCTV
as an optical element is described elsewhere 131. The major advantage of using LCTV
must be that it can be addressed by a microcomputer, for the generation of various
reference images. The output light field is detected by a CCD camera. This detected....eletica, signal.can be sent to a TV monitor for observation, or fed back to the mi-
crocomputer for further instruction. Thus an adaptive hybrid electro-optic correlator
may be constructed.

A 1
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Let's assume that the target and reference image at the input plane are binary
type with square apertures of width w. The main separation between them is 1. The
amplitude transmittance function of these input objects can be expressed as

f(x,y) = rect( _2I) + rect()j + j) rect(-). (I)
U. W W

Thus the light intensity distribution at the input window of the MSLM would be

,(,, in ,wv) [in(wu) coa(&)]2  (2)

where I is a constant, L, and 1 are spatial frequency cordinates corresponding to the
X and Y directions. Notice that, the grid structure of the LCTV, which is beyond
the resolution limit of the MSLM, is omitted. To obtain a binarized power spectral
distribution for joint transform correlation, the bias voltages of the MSLM are adjusted
such that those values above the threshold level will be written into the device in a
saturated manner, while those below the value will not be responded. This threshold
hard-clipping operatioin of the MSLM converts the input irradiance I(v, IA) into a series
of binary phase distribution, between the X and the Y components of the read-out light.
Using the half power criterion, the output autocorrelation functions can shown as

A sin[?r(z - 1)/u-' sinlr( + t)1w] _ sin(y/w)

7r(x -) wr(x+L)r

We see that the correlation peak intensity of the proposed system is A 2
/r'

2
W

4
, which is

about 1.62 times higher than the conventional one. Moreover, if the bias voltages are
controlled, sich that the threshold hard-clipping takes place at a lower intensity level,
the output would further improve to have higher and sharper peaks. We proved that
ideal hard-clipping offers better correlation peak than the conventional JTC. Detailed
numerical analysis and an experimental result will be presented at the meeting.

HI. Concluding Remarks
We have presented a joint transform correlation system utilizing the threshold

hard-clipping property of the MSLM. This JTC can produce sharper and higher corre-
lation peaks than the convetio:ial techniques. By combining the flexibility of the micro-
computer and the high speed operation of the optical processor, the system would offer
the advantages of real-time programmable processing capability, for which an adaptive
smart correlator can be developed.

We acknowledge the support of the US Air Force, Rome Air Development Center,
Hanscrom Air Force Base, Mass., under contract F19628-84-K-0031.
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Integrated Optical implementation of the Hopfield Neural Network Model

by: P. Das*, C.DeCusatis*, and D.M. Litynski**

*Electrical, Computer, and Systems Engineering Department

Rensselaer Polytechnic Institute
Troy, New York 12180-3590

*Department of Electrical Engineering
United States Military Academy

West Point New York 10996-1787

Abstract

An integrated optics implementation of content addressable associative
memory based on the Hopfield Neural Network Model is proposed. The
device uses frequency multiplexed surface acoustic waves (FM-SAW) to
input the information matrix, which may be stored as a volume hologram
using photorefractive memory. Stored information may then be recovered
in real time by applying a partial or distorted input to the system. This
input is presented in the form of coherent optical pulses, which may be
modulated by an external CCD camera. Phase conjugate mirrors are used to
obtain the nonlinear thresholding inherent in the Hopfield model, and to
provide feedback and gain.

Summary

The principle of information retrieval by association has been recognized
as an important mechanism in parallel computing and machine vision
systems( I). A model for neural networks capable of implementing this
principle was recently proposed by Hopfield(2); information stored in an
interconnection matrix may be recovered by applying a partial or distorted
input to the system. This model has been implemented by Farhat nd Psaltis
etal. using an optical matrix processor(3), and by Soffer and Dunning etal
using holographic memory(4). We present a conceptual implementation of
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the Hopfield model using integrated optics techniques to produce a compact,

rugged device.

The interconnection matrix is input as a series of acousto-optic SAW
pulses, frequency multiplexed so that each pulse represents an entire

column vector. This matrix is stored as a volume hologram using the

photorefractive effect Distorted or incomplete versions of the stored signals

may then be applied as intensity modulated optical pulses; for exmple, the
modulating signal may be obtained directly from a CCD camera. When the

device is addressed in this manner, it converges to a reconstructed version of
the input signal in real time; the output is in the form of a series of

modulated optical pulses. A pair of phase conjugate mirrors is used to obtain

the nonlinear thresholding inherent in the Hopfield model, and to provide.

feedback and gain for the optical signals. A theoretical design for such a

device using currently available technology is presented.
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Modification of the Hopfield model
and its optical implementation for correlated images

Soo- Yomu Les, Ju-Seog Jog, Jin-Soo Park, and Sang-Yung Shin

Korm Advanced Institute of Science and Technology

Department of Elecrical Engineering
P.O. Box 150, Cheongryang, Seoul, Korea

and

Chang-Sup Shim
Korea Electronic and Telecommunication Research Institute

Summary

Associative memory basd on the Hopfield neural network model can be used directly to

store and retrieve information with robustness and error-correction capability. Numerical

simulation and optical implementation show that an associative memory based on this

simple model can successfully retrieve data only when the number of stored data is much

smaller than the number of neurons and when the stored vectors are (pseudo) orthogonal.

For many practical systems such as number and/or alphabet recognition, the orthogonality

is not satisfied. In Ref. 1, we had introduced a modification on the Hopfield model to

incorporate relative significance of each bit, and how a priori knowledge on bit significance

improves error-corrective association performance. Here we first introduce an inner product

bound of stored vectors in the Hopfield model, and show that optimization of the bit

significance for given stored vectors removes or at least relaxes the orthogonality condition

and increases storage capacity.

In the Hopfield model a new estimate is obtained by thresholding

M
Pt = ( 2 V/t - 1) N(t, t) + E(2V*- I)[2V(a, t) - N(t, t)) (1)

where N(s, t) = N(t, a) is the inner product of two vectors V" and Vt, and the input to

the memory V t is one of the complete vectors that are stored in T. The ith bits of the M

vectors (V'l, VI2,..., Vi") appearing in Eq. (1) can have total 2M distinguishable cases. In

all these cases, if the thresholded value of Eq. (1) is equal to the value of ith bit in Vt,

the stability of VI can be guaranteed. We found that the number of mutually independent

stability conditions of the vector V' is 2 M-', and that these inequality conditions define in

geometrical sense the Interior of a regular 2M"- -faced polyhedron with the side length of
' 'l N(t, t)l-2 centered at (NV(t, t)/2, NV(t, t)/2,..., NV(t, t)/2) in the (M/- I)-dimensinaline

/;" ' ~product space whose axes are (NV(l, t), NV(2, t)..,I(t - 1, 9), v(t + 1, t),...., NV(M, t)). For
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a large number of neurons, the polyhedron stable region may be approximated by (M - 1)

dimensional sphere, and the stability condition becomes
Air o (t-. t) 1 2 N(t, t)2

,- q J 4(M- 1)

which clearly shows the orthagoality requirement.

To overcome this drawback we start with a simple modification on the retrieving algo-

rithm of the Hopflield model to obtain

Pit= ,Tsi(2V- 1) (3)

where w is positive bit signifcance of the jth bit of image vector.. The interconnection

matrix T and thresholding operation are same as the Hopfleld model. If the input vector

V* is one of the stored images, one obtains
N N

,' = (2Vt - 1) E - + l(2V" - 1) Zwj(2V4" - 1)(2V,: - 1)1 (4)
j=1 sot j=L

where unipolar binary images are assumed and the second term corresponds to noise. Be-

cause one has (N - 1) degrees of freedom to select relative significance wj, the correlation

noise term can be minimized for given stored image vectors. The minimization is based

on the least-square solution algorithm, and may be implemented by another optimization

neural network as described in Ref. 2. A simple learning algorithm for adding a new image

to existing optimized associative memory is also devised.

In numerical simulation ten highly correlated binary images, i.e. numbers "0' to *V,

are successfully stored and retrieved in 6 x 8 node system. Conventional Hopfield model
with same configuration could not retrieve even five imas, numbers "0' to '4", mainly

due to their high correlation terms. These results clearly demonstrate usefulness of the new

bit-significance optimization model. A design for electro-optic implementation including

the optimization network will also be introduced.
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Use of a micro-channel Spatial Light modulator
in a Sequential logic optical adder

Ph. Demaleprade, P. Chavel, K. Hibino, H. Yajina, T. Yatagai

One Of the present challenges of optical computing is to demonsliate processors combning the
digtal accuracy uina in electowi computers with the peralelism and high interconnect density of
Optics. We therefre want to investigate the feuibity of an optical processor accoring to the general
scheme of flgiwe 1.

Such an architecture requires a 2-D nonlinear gate way. One possible candidate is the NAco
Charne Plate Spatial Lit Modulator (MSLM). which can be used as an OR or as a NOR gate (see
%1we 2). One problem for sequential logic or arithmetic is the quasi-permanent inherent memory of the
deo"ce which has to be reset externsay. In this communhcabon. even though we demonstrate
cascadabity of the device as a whole, we used each pixel only once. The whole MSLM was reset after
the complet processing.

The example of the half adder implemented in parallel over a data plane by fully space-
invariant connectons; is used here to demonstrate the following combination of the desirable featuires

- massisve paralelism
- *lopticasl arithmetics
- use of a MSLM as a two-inpt NOR gate array

-cascadabilty of the device.

Figure 3-a shows a space invariant interconnect pattern. When applied to the two data bits A
and B at locations ia and lb of figr. 3-b, this interconnect pattern provide after three iterations through
a NOR-ngM M the seven useful bits shown n3-b and in partculr the sum and carrybits S anldCof
the hall-adder. Note that loation 2c has to be masked out. Calculations can be performed in parallel:
- by leaving em4 blank pixels around each compuing site to avoid cross-talk
- or alternatively each sie of figure 3-b may represent a whole 2-0 array.
We choose the fiht option. The interconnect pattern was provided by a computer-generated hologram.
Figure 3-c shows experimenta results obtained after each of the three cycles from the four initial

conlgraton(A and B w .00,1 ; 1,0 and 1,1) as shown on the rigithwAncolumn.

R6f4rences:
P. Chavel, R. Forchheimer. B.K. Jenkins, A.A Sawchuk and T.C. Strand,
Proceedings, Tenth International optical computing Conference IEEE, cat. 83CH1880
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D.K. Jenkins, A.A. Sawchuk, T.C. Strand, R. Forchheimer and B.H. Soffer, Applied

optics, vol 23, n0 19, p 3455. (1984).
C. Warde, J. Thackara, Optical Engineering, vol, 22 n06, p695, (1983).

C. Varde & all, Applied optics. vol 20, n012, p 2069, (1981).
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II Space-Variant Logic Operation Using
Micro-Channel Plate Spatial Light Modulator

Yoshio Hayasaki, Makoto Ikeda and Toyohiko Yatagai
University of Tuukuba, Institute of Applied Physics

Taukuba, lbaraki 305, Japan

Satoshi Ishihara and Yoshinobu Mitsuhashi
Electrotechnical Laboratory, Opto-Slectronics Section

Tsukuba, Ibaraki 305, Japan

Optical parallel processing techniques for performing binary logic opera-
tions are key eimeonts of developing opticalocomputers. Many efforts have
been done to achieve Increased througbpVt of binary digital logic by in-
troducing optioal parallelism. lchiok. and Tanida described a parallel
optical logic array proeasor based on a shadow-casting "system with LED
light sources. All 16 logical finctions for two binary variables realized
in parallel by chanqing the illuuination with LEDs. Bartelt and Lohmann
proposed an optical logic processor by spatial filtering. We have des-
cribed another type of an optical binary logic technique in which a var-
iety of logical operations different in space can be performed in paral-
lel.

As in the shadow-casting method and the spatial filtering method, a
binary 'input pattern is spatially encoded. Consider input binary image
data A and B are divided into NxN square cells. To represent states of
logical "1" and "0", each square cell is divided into two sub-cells. The
cells of one of the input binary images, called Aij, are coded in the hor-
izontal direction, while the cells of the other input binary pattern,
called Bij,in the vertical direction. We have proposed an interference
pattern encoding technique for such spatial encoding.

In order to make a space-variant binary logic, we have proposed the
use of a specific structured decoding mask of which cells are divided into
four sub-cells. As shown in Fig. 1, a decoding mask is superimposed on
the encoded input patterns. Decoding cells are arranged so that desired
logic operations can be done in desired positions in the input patterns.
The coded logic pattern is observed through the decoding mask.

In the present paper, we propose a simple encoding technique, based
on XOR operation between an input pattern and a grating pattern. The en-
coding principle is shown in Fig. 2. For encoding the input A, we use a
horizontal binary grating of which period is the size of the input pixel.
For the input B, a vertical binary grating is used.

This XOR operation and seperpoliion of the encoded input patterns
can be performed by utsing a micro-chanoeI plate spatial light
modulator(MSLM). Figure 3 shows an optical arrangement of the MSLM
space-variant parallel lgic ation., The input area of the.MSL is di-
vided into three parts, wt hh 0 -tot foecrin, int patt4%6$ A and B
and for decoding operatio . oimba of! th,* e dl input patterns
are made by adjusting the fe c rt@rS Figuriu 4 e "xperimenta]
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resualts of encoding. The final result of space-variant logic is shown in
frig. 5

No described apa optical logic operation technique based on' spatial
enoding and a irprition of a -dcoding stask with the coded Input pat-

tern. Siteenloerieal functions of two logical variables can be realized
by using .a single KS.hq. This type of binary optical logic could be ap-
Plied to general purpose optical -emputers, including cellular logic opti-
cal computers.

Fig. 1 Principle of space-variant parallel logic.

K. H.M Pol.~rizer Pinhole

Inu 4L Analyzer laser m

Aperture B 0m

Fig. 2 MSLM implementation system. Fig. 3 Spatial coding
based on XOR.

rig. 4 Experimental result of goding. Fig. 5 outpuzt of £9005m-

variant gate.
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F Programmable optical parallel processor

by polarization encoding: Cascade operation

By

Ken-ichi Kitayana, Masashi Hashimoto, and Naohisa Mukohzaka

1126-i Ichino-cho, Hamamatsu 435, Japan

Cascade programmable logic operation In parallel is featured

by optical processor using microchannel spatial light

modulator(MSU() 1 as well as spatial and pixel by pixel binary

enoo4.ng by polarization state using birefringent plate.2

In Fig.1 the schematic diagram for the experimental setup is

illustrated. MSLM's are used to address optically input binary

pattern. Readout He-Ne laser beam at k&0.633 pam from MSLM is

modulated in phase. Pixel mask is placed in front of MSLMI.

Encoding is carried out by passing the beam through three

birefringent plates(B.S.) consecutively and separating it

spatially by polarization state according to binary logic of

pixel. In Fig.2 the experimental encoded patterns are shown.

After passing third B.S., eight positions in a pixel are allowed

due to the logic combination of three inputs. Operation kernel

srves to execute any logic operation according 
to the instruc-

t:on addressed. It can be programmable by using spatial light

modulator as 2D optical shutter based on polarization state.

In Fig.3 the example of experimental cascade three patterns'

legic is shown. in this exportment, polarizers are temporarily

>.dreplacing the operation kernel. A variety of experimental

lsooc operations will $Ispeestee ias conference. Finally,

t"i implementation of the upgraded version of processor with

and memory which oould be implemented by MSLM to execute

oomplex(or universal) pattern logics.
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X1n concelusion. programmable optical processor performing#.

cascade logic operation in parallel has beer, constructed.

Experimental three patterns' logic in tandent has been shown.

ftferences
I.C.Warde et &I., Appi. Opt., 20, 2006(1981).
2.Tfie present method in different from the one(A.W.Lohmann at

al., Appl. Opt.. 25. 131(1986)) in which & whole image in
encoded together not by bean position but by beam direction.

n '~~~* 0N.M. : LW HIRAOM

lowT A-I H.. 1e-MIe LASER .P.: BIREFAIIIGENT PLATE

MSLM 2 C2 )1-I (Od)r" 1 1:10) MSIJ) 3

INPUT 3 N.. DP - INJ
0 -/1 Fig.1 Experimental setup

lo,b~c) C2B3.p. of optical processor

KSTR9JCT ION

OUTPUT --ji PIXEI-

jIPIEL f IE

Fig.2 Encoding by polarization state at three stages

A AA-B A.B.C

C
Fig.3xeimna three patterns' logic; A, A-D, and A*BC

I NPUT

SRH.M. S.E.: SPATIAL ENCODER

\...READOUT LIGHT S.D.: SPATIAL DECODER
N INSTUCTI~ H.M.: HALF MIRROR

Cm=SESEILKEEL M1. MIRROR

KA OUTPUT

M. I-N H.M.
M G S.D.

LAMN AFig.,. Scheatic diagram of
o'StAt upgraded optical processor

M WJ~vtT(SLN /4. with feedback system
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Difital optical computing with symbolic substitution

Karl-Heinz Brenner
Physikalisches Institut der

Universitit Erlangen
Fed. Rep. of GermanyI Abstract:

Symbolic substitution is & spatial logic which is adapted well

to optical processing. Unlike Boolean logic it also includes

spatial information in the coding. It reuL~ only regular

interconnections and nonlinear devices with limited fan-out.

Nevertheless the potential of this kind Df logic ranges from

parallel binary arithmetic to a programmable !4IMD processor.

Fundamentals of symbolic substitution and its applications are

presented.
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1POLYCHROMATISN IR OPTICAL DIGITAL PROCESSORS

G.oVoevodkin, .14.Dianov, A.A.Kuznetsov, S.Fi.Nefjodov

General Physics Institute, Academy of Sciences of the USSR

38 Vavilov Street, Moscow 117942. USSR

Photons of different wavelengths in a single bean can interact

with a binary logic gate independently and in different ways;

this fact can increase the speed of the optical computers. A poly-

chromatic flow with 10
3 

spectrally distinct emissions may be

transmitted independently and in parallel through a single chan-

nel (an optical filer) (11. We describe here the parallel

realization of 16 logical functions with two binary matrix elements

in the real time scale (two light flows with distinct wavelengths

are used - bichromatic logic) and fast digital multiplication by

analog convolution with a polychromatic light source.

For 16 logical functions realization with binary matrix elements

two liquid crystal light valvos (LCLV, S-effect) and the light

sources with the wavelengths of A (green) and A 2 (red) were used.

The digital data were presented as spatial distribution of binary

object transmission: transparent parts present logical 1 and opaque

parts - 0. When the external data matrix is projected at LCLV

photosensitive layer, it is possible to obtain at the LCLV output

(after the analyser) the positive image of the input matrix at the

readout light wavelength )11 and inverted (negative) image at A 2"

Thus if A is the input image, at the output we have a green A and a

red ( 121.

For the optical realization of logical functions the scheme was

used consisting of two LCLV(with two input matrix projections), of

two light sources with different wavelengths, polarizers, optica and

of a Wollaston prim as an output analyzer for sp4tial disc-

rimination of the images with orthogonal polarizations (similar to

direct and inverse outputs of the electronic digital schemes).

16 logical function realization is possible for the Input matrices

A and B, speed of operation for 6 functions being limited only by

the sources operating time (less than 10"9for LD).

The features of the method are the following:

- all 16 logical functions are realized in parallel;

- embinatory logic operations are realized by a simple source

switching (due to this fact the system can be easily progrmd) I

II
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application of WCLV with large functional possibilities (nag-

flification, high sensitivity, coherent light readout, Small Power

flexible devies for optical computers.

one Of the main operations in a digital computer is multipliation.

Recently suggested digital convolution algorithm decreases es-

bentlily the multiplication time for large numbers (3.41. We have

optically realized this operation with a polychromatic light source

(N laser diodes with equidistant emission wavelengths). The infor-

mation launching is accomplished by the laser modulation (on/off).

All the bams are united in a single one by a diffraction grating.

The resulting polychromatic hoe after the broadening illuminates

the transparency with an external data mtrix and then meets the

second grating. The lens creates a transparency image in a photo-

diode matrix plane. At the corresponding grating dispersion the

transparency images in each colour will be shifted in the PD planeI by the step of the external data matrix. The light intensity dis-

tribution in each line of PD matrix will correspond to the con-

volution of the first input signal (LD combination) with each line

of the external data matrix. LCLV with the twist effect can be used

as the data launching device. After the convolution computing the

miXed binary product is transformed into the binary one with the

parallel A/D converter (for example, on the base of an olectro-

optical interforosieter). The computing accuracy depends on the number

of spectrally distinct sources and the number of independent elements

in a photodiode matrix line.

Optical multiplication has been accomplished by the simultaneous

realization of two logical functions and analog convolution operation

References
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OPTICAL PARALLEL LOGIC DEVICE USING LIQUID CRYSTAL

TATSUO UCHIDA and KAZUHIKO TADOKORO

Department of Electronic Engineering, Tohoku University

The authors propose an optical parallel logic devices using twisted nematic

liquid crystal cells (TN-cells) doped with dichroic dyes and dichroic filters

such as shown in Fig.l. In addition, the general expression of the operated

logical results is induced by using simple combination of transfer function of

2X2 matrix for the TN-cells and the dichroic filters.

The relation between input and output polarized lights of the single TN-

cell doped with dichroic dye such as TN1 shown in Fig. I is expressed as

follows:

where V and H denote vertically and horizontally polarized lights,

respectively, and their subscripts o and i output and input lights,

respectively. A denotes input logic signal for a pixel of the TN-cell, and

takes I or 0 according to on- or off-state of the TN-cell, and D is defined to

be 0 or 1 corresponding to absorption- or non-absorption wavelength of the

doped dichroic dye, respectively. The 2X2 matrix on the right hand side of

eq.(1) is regarded as transfer function of the TN-cell. In the same way, the

transfer function of the dichroic filter is expressed as [0  j where P is

Binary input image signal

A B (Liquid crystal doped)
- with dichroic dye I

4. 0 
Z V

vi 4-S 4.' o

;: : . ! F TN1  OF. TN2  •DF I

Fig.l Configuration o parallel optical logic device
460
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defined to be 0 or I according to absorption- or non-absorption-wavelength,

respectively. By using these expressions, the result of logical operation of

the whole logic device shown in Fig. 1 is expressed as follows:

H0 = oP I 3 .- -9 B ]0 [D I '  A Pl Hi

_ [F 3 (P 2 A-B + Dl"A'B) Vi + PI-P3 (A'16 + P2--'B) Hi] (2)
L(D2"P2 "A' F + DI' 'B) Vi + P, (A'B + D2.P2.A"BW) Hi

where, subscripts 1-3 correspond to subscript numbers of the (2-cells and the

dichroic filters shown in Fig.l. From this equation, it is seen that

suitable combination of 1 or 0 for PI, P2 1 P3 , DI and D2 as well as choice of

Vi , Hi, Vo and Ho enables the following fifteen logical operations to be

executed: 0, A, B. A, B, A-B, A'B, A.B, AB, AB, AB, A+B, A+B, K+B. 1, which

covers almost all binary logical operations except A+B. Eq.(2) also implies

that several logical operations are simultaneously executed by different

wavelength and different polarized lights. In actual, it is experimentally

confirmed that sum and carry of half-adder, for instance, between input

sivals A and B shown in Fig.l can be simultaneously obtained by different

wavelength.

For the next step, a higher TN1  TN2

function is introduced to this logic TN cell TN cell

device by adding image sensor and p p P

feedback loop as shown in Fig.2 for

iterative processing. As an example 4J

of pofssible logical operation by this Image
system, template matching was tried sensor
to be executed and the validity of C*

the results was confirmed.

Finally, it will be discussed that

optical input system can be

introduced to this device instead of Personal Image

the present electrical input system eemor

by combining photoconductor and thin- Fig.2 Ccnfiguration for

film-transistor array with the liquid iterative processing

crystal layer.
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"AN OPTICAL PROCESSOR FOR

MATHEMATICAL MORPHOLOGY"

P. Cambon, J.L. de Bougrenet de ia Tocnaye

Groupe Optique et Systtmes de communication

E.N.S.T. de Bretagne
BP 832'

29285 BREST-CEDEX

Introduction:

The use of the mathematical morphology is of great interest in the
field of robotic-vision and pattern recognition. The computational
costing of a digital approach is related principally to the size of the
pixel array to be processed and the spatial complexity of the chosen
structuring element. By using a spatial light modulator as an optical
logic array processor it is possible to overcome these difficulties to
some extent.

Basic operator of mathematical morphology:

The mathematical morphology operators are linear for boolean
inclusion, union and intersection . The two basic operations, called
dilatation and erosion, are defined in binary pictures by Minkowski
algebra:

X (B= U Bx= U Xb ()

xeX beB

Each point x of the object X spreads out to occupy the area of the
structuring element Bx, then the union of these areas is processed.
This processing is known as a dilatation: its inverse (i.e. using the
intersection) is an erosion.

The various possible combinations between dilatations and ero-
sions give rise to an infinite set of new mappings which can be
concatenated with each other (opening, closing, skeleton etc... .

Optical version of a morphology operator

'Ai" The basic relation (1) can be rewritten as follows:

X B =XUXIUX 2 U... (2)

where the Xi are translated versions of X according to the geometry

* i[ of B. , .4
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This means that this sam can be obtained only with spatial lo-
-ia arh andabject bUnalation.

The uscafa liquid crystal matrix (LCD) is well suited for such
an qApliatiin. The two logil states can be coded through the two
stat of pohlrization obtaind from a monochromatic light wave
liberly polaizd by uing the eectrical birfrigence of the LCD.
The AND aW OR logical operations are achieved simply by
sandwWifdie two LCD with two crosed polarizors.

lTw object translation is achieved by register shift of the LCD
matix cotroler, and the result of the logical operation is observed
on a CCD camera (or an optical RAM),

Experimental Set-up

The timing of the processing is provided by a digital micro-
computer and the scheme of the relation (2) is achieved as follows:

Firt step: The object is loaded into the first LCD matrix and
its translated in the second ae, the result is then observed on the
CCD detector (the AND or OR is selected by simple binary
complementation).

Second step: The result is transferred onto the first matrix in
place of the initial object and the second translation loaded in the
second LCD and so on.

Such a set-up is well suited to performing iterative processings
as required in the case of the programming of mathematical mor-
phology operators. In the case of using a simple structuring element,
the optical iteration (2) can be replaced by a cascading series of
LCD matrices.

The spatial resolution of the chosen LCD matrix is of 128 x128pels, and the expected processing time for a basic operation like an
erosion is only of a few hundred milliseconds.

V
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Optical Symbolic Substitution using Diffraction Gratings

FL Thalrma M. PedtW, 8. Acdin, and Ft Dkidlke
lnAMit of Mlcwrofhaog. Univwrity. CH-2000 Nwd"la. Switzsdand

Symbolic substitat i s,& caocept io perform pmfle asid space-Invarln logi operations on a binary input
pater I. It MMMlW all ocumneles of a set of symfbols (psdefied spatial distributiont of binary values) and
substitute them with othe psedefed symbols. Por Patcl me, a miversal optical implementation for symbolic
substitution shpWi [DAUMfs poseIdt ID substitut symblS With miany plxelg setiipl chuane substitution (dil~c-
rent symbols 10 FAralWN dukalri (bus/alse rgnto Prnmmabllty of the symbols to be recognizcd; high
spatial banldwit lack of uoViilsticatei cemponts. In die following, we descrbe an optical implementation based
on the we of difraction gratis which meem doe above reqirnents.

The Optical arangement for symbolic substitution is sketched in Fig.l. A grating splits the input pattern into
dffre diffraction orders. The distance, a between the grating and the input pattern is chosen so that the patteirns
of two adjcent diffraction ordesi am shifted by one pixel in the image; plane. Spatial filtering in the Fourier plane
allows to choos the search symbol by selectin oly, the appropriate diffraction, Orders. The optically nonlinear
thresholding device (usually a NOR gate arry, we wse a iqui cysta light valve) restores the output pattern Of the
recognition unit to bintary values. The substitution tunit consists of an identical arrangement, where the substitution
symbol is again definied by spatial filtering. Ma simple eriperirental patterns in Fig.l illustrate, the optical proces-
sing: a) input msk, as sewnattheoutputc ) output pattern offth recognitionunit afterpatial filterngfor the
search symbol ON; 0) output patten of the substitution unit after spatial filtering for the replace symbol d).

ReAMO nhin 5 Un k n

Fig.). Optical effaament for syn"Aoic szastrio anmd Mkwtve oxperbnenWa resulus.

The iffraction grattigs are used as fanout elemenits to produce multiple copies of the input image. Two crossed
transmission (phas) gratings with several diffraction orders allow to realize any 2-dim. search or substitution
symbol. Using the thresholding device in the NOR mode lowers the requirements on uniformity: the intensity or
each diffractiont order must be above the threshold of the light valve, To realize the phas gratings we used two
different approaches, both based on bleached silver
halide photographic plates. T1he eas of fabrication and a) b)
the high obtainable space bandwidth product (SBWP)
favor sinusoidal holographic giratings, if the fanotit does

not exceed thre. For higher fanouts, binary Danunmann
gratings 2 were dirawn on a Lase printer (SBWP > J A
results of Fig.2 show intenisity profiles through the
diffraction orders Of A hlogrphic grating and a binary Fig2. Meauir.4 intensiyprofl kroqmh

jr gratin with 7 equal diffraction Orders, respectively, )I.oqhcadb iw vi. ~1
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In dhu following. several macadvanced arranens far optica symabolic substitution using diffraction

a) C*pkis search qAymd Using two crossed gratings with several dfrcinorders, arbitrary Complex-ac j6n cha b e - rS 1 am 1 aTh um ho thea recgtin oam3a3 symbl.
h) For dual-rall sebsllttlsm (atrals vewpllon). two simllsr approaches can be applied. One possibility is
lbe coing of each bit by a pair of two complementary pixels 1. instead of a 3x3 symbol. cig. a 6x3 symbol mnust

7 ' eg Aohrwyo uladcdn sdespeetto of do 3z3 cad eaieinu ak
we e" he the. ad atemcoblang hetwoautltson ieNOR gate wray. TIs recombination can be

the uaLftm shw te exerientl msk o a dal-allreconitonperformed by the latter o h bv

SearchSearch
SymbolSrymbol-

kd ala PWof k Patlar Result Of
RecogitionRecognitionFigJ Reogniionof aW smbol Fi.4.Dual-rail recognition of a 3x) symbol.

cMutpechannel substitution can be realized byitouigan additional grating in order to produccmutpespatially separated images on d iredilhl ew h corresponding diffraction orders in the Founcrpaohave to beaufficiendly separated thtfrec hne whrsearch symbol can be chosen by appropriatefleigof the diffraction aorders. The dfentreognition symbols at the output of die NOR gate array ame then

d) olaizaioncodd smboic ubsituion4 cn b eailyimpemetedusing fhe proposed arrangcment
based on diffraction gratings. Here, instead of blocking the appropriate diffraction orders in the Fourier plane.
their polarization state is changed, using a half wave plate or an element with 90* optical activity. This can be
accomplished. eg.. with die help of an electronically addressable liquid crystal display. Correponding experi-
mental results will be presented
e) Iterative symbolic substitution is realized by using a second thresholding light valve in the input plane and
feeding the substitution pattern back to die input. An interesting application of iterative symbolic substitution is the
binary adder wih carry propagation.

The described optical implementation of symbolic substitution using diffraction gratings offers interesting
features, such as the possibility of substituting airkry complex symbols and multi-chatiel substitution. Holo-
graphic and binary gratings turn out to be very appropriate fumowu elements which we cost-effective and relatively
easy to produce. ime gartings; can be specially tailered and optimized for the desired application. If fully program-
mable symbols with many pixels arc to be recognized and replaced, however, an important loss of optical power
must be accepted, because many diffraction orders have to be blocked for the spatial filterinig. Tis can be avoided
by the use of special purpose binary grating;s ad polarization coded symbolic substitution.

Rererences
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DITUOGRAT3D OPTIC AIMD COMPUTING

"AMUCHOILC

Dmam do Cobebee - 91401 ORSAY (FRANCS)

ABSTRACT

Some lntegrated optic devices ame now commercially available. The potential
applications of this technology to the field of optical computing will be reviewed in that paper
Including state of the art results on active circuits.
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I 'Tn -lpti RY-TntLTC ARNAY ARSHCTRCTURg-

K Shabeer. I Andonovic. B Culshaw

Department of Electronics & Electrical Engineering

University of Strathclyde

Royal College Building

204 George Street

Glasgow Gi lxv.

Fibre-optic signal processing has concentrated on tapped delay 1*

lines', lattice structures
2 

and systolic arrays. For guided-

wave processors, one special area of interest has been the

matrix-vector and matrix-matrlx multiplication. Although the

schemes are elegant and fast, the main disadvantages lies in

limited accuracy, and failure to handle bipolar/complex

quantities.

Here, a configuration based on systolic array architecture' is

presented for improving the accuracy of, amongst other things,

matrix multipliers. The technique is based on 2's complement

number representation and digital multiplication by an analogue

convolution algorithm. The 2's complement number

representation allows bipolar data handling capability, and

thus eliminates the need for matrix partitioning when the

matrices of interest are real. Following this scheme, the

matrix elements are represented by the same number of bits (in

2's complement number representation) as that required to

represent their (largest) product. The product of the binary

numbers is then calculated by performing the normal

maltiplication. Any bits generated to the left of the most

significant bit are truncated*
. 

Purtherore the output is

allowed to assume mixed binary values
"
. and no carries are

generated. The nixed binary output can be converted to signed

binary by passing it throqh a fast A/D converter.

70
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The operation. of one such systolic matrix mualtiplier is

depicted In F15. 1. The Input matrix elemnts to the (2x2)

*systolic matrix are 'represented by pulses 'Iron a puls.a' source

and the fixed matrix elemet&a are represented by optical fibre

couplers for a N-bit number representation. Fig. 3. shows the

traces show the corresponding signed binary outputs.

The presentation will further consider the criteria f or

efficient Implemntation of these configurations. Factors such.

as programmbility. and cascadability will be addressed and

several specific application areas will be described.

In summry optical systolic based architectures have beer.

Investigated and matrix multiplication of real and complex

quantities has been realised. Increases in accuracy of what are

otherwise analogue processors and the ability to handle

bipolar/complex quantities are two main advantages that accrue

with this approach.

X Shabeer would like to thank Pilkington Guided Wave Optics

(Barr & Stroud Ltd. ) for their financial support and f or

provision of the integrated optical coupler.
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Fig. 1. Systolic 2x2 metrix iniltiplier.

Fig. 2. 11-6it number reProestation.

Fig. 3.Exporlematal results showing the aliwed binary

matputs(top traces) and the signed binary outputs(botta traces)

for (a) *lx~l. (b)+l-l. (c)-lu-i binary multiplication.
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HYBRID ELECTRONIC/NON COHERENT OPTICAL PROCESSORFOR LARGE SCALE PHASED ARRAY

J.RIEHL * J.APPEL , A.TI-UOT , J.DOREY
ONERA

29 av. de [a Division Leclerc - BP72 - F92322 Chitllon Cedex (France)

1. Introduction
Ith processing of larg scale phased array radars requires advanced signal processing

techniques and architectures with real-time and parallel processing capability. Non
coherent analog optical signal processors appear to be quite appropriate for thi problem
.because of the Inherent parallelism of optics and the avallabilty, of high speed

Incohrent light emitters.
In ti paper we present an hybrid electronic/optical processor for the air coverage

radar BIAS (Synthetic Aperture Pulse Radar) data processing the optical stage .based on
a lensless shadow-casting architecture, is particularly detailed.

2. RIAS processing
The RIM8 phased array Is a clcutar array of emitting and receivng antennas *with

spatial coding of the emtt array through orthogonal frequencies .'The signal received
at the l-th aritanna. with a target at range r'lB:

9M(t 1 i(2f,(t-2r/C) + * jjj

where * j~yIS a phase information.

target

fal adargeometry

RIAS processing steps are the following :(1) frequency filtering of each sj(t) (2) phase
comlpenlsationl of * U,9e, and signals addition for each (6,9) direction When phase

owntperlsolotis are correct, temporal pus ceumpression occurs which gives (O.) and
range Informtion after thresholding.

The RIAS processor schematic diagram Is the following:

A1IE cm

0100 ae MMU

ft2: procsso schemabic diagram
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3. Optical processor
The real-time and parallel processing features of optical systems make them

attractive candidae for siulutaehous phase compensation and Signal addition at numerous
(OA) *eclone . which Is a critical computing step for high speed RIAS processing .

A leasless ahadow-castlng System with~ a light emitting diode (LED) array as input .a
pho~tpc mask aid a photodetector (PD) array as output, has proved to be wel suited
to 9*l problem'

P'D array

00 0

0 000

LD photographic 10 000 0
array mak0 00V0

0 0
0a

fig.-a :Shadow-casting architecture

Each PD receives a signal of the following form:
S(n.m) = E(lj) .M(lj,n,m)

With E~ij)- s,,1(t) and M(Ij,n~m) - 9 *lj.$.9 the RIAS ambiguity function can bo
easily computed .Because only real positive values can be handled with both Incoherent
light and photographic mask . we uses four LED and four elementary transparencies tor
each basic operation:

caa5M: 12 la*1.u4)

cmWadiI +4U)

EA:elementary computing cell

Parallelism is extended at the output stage with simultaneous electronic thresholding on
each reeing chainnel . Dat cornpresslon then allows detected targets data storage
throuigh electronic computer.

4. Experimental results
An expeunenti prototype has been built.* with 1OxiP LED.* 500x500 transparencies

and Mfl PD aWays . the geeMebOal blplMenteion being alreay Suited to 5OX50 LED ,
2500x250 traneparencles and 50x50 PO arrays . The design of this processor
oonwenenb on inoinidsafto of diffraction effects and correct positioning of the LED
wrM Ol fmk.

up-md W g ft Op eds 1000.1 *wkth a computing rate of about 30 Gop MM Witfser
Dspplev roceubi A ioan rMt of about I Tape Is soo exectd.
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A BIT SKRIAL ARCHITECTURE FOR
OPTICAL COMPUTING

Vincent P. Hening Harry F. Jordan Jonatha. P. Pratt

Ceter for Optoolectro ic Competin Stenmu
Deparimsat of Electrical and Computer E ccrgning

University of Colorado,
Boidder CO 80S09-045

ABSTRACT

The design of a bit-seral optical computer is described. The central components are LiNbO3
directional couplers as logic elements, and fiber optic delay lines as memory elements. The key
device characteristics are discussed, including the special properties and limitations that are
important when designing with them. Following this the key design issues are addressed. These
include computation in a realm where propagation delays are much greater than logic delays,
and implementation of circuits without lip-flops. Design principles are exemplified by the design
of a n-hit counter. Following this, the design for a simple bit-serial computer is described.

INTRODUCTION

This paper describes an architecture for a practical digital computer constructed from optical
components, which use photons rather than electrons to convey information. There have been a
number of proposals for optical computer architectures in the literature, but they are either
architectures for special-purpose machines, or they rely on devices that are in the research
category.
Our objectlve tin research was to design a machine that could be constructed from commer.
cially available component.. As such, we faced some of the same constraints as were faced by
early architects of electronic computers a severe limitation on the number and kinds of dev-
kes that could be used in a practical implementation. As our predecessors did, we chose a bit-
serial architecture to minimise device count. Our studies have shown that the LiNbO3 direc-
tional coupler will serve as the logic device, and a glass fiber loop as delay-line memory.

PHYSICAL COMPONENTS

The Lithium Niobate Directional Coupler as a Logic Element

The LiNbO electrooptic switch is an optical geaded wave device produced by diffusing pre-
cisely placed titanium waveguidee Into hgh-purity optical lithium niobate crystals. This paper
will show how the LINb0 3 serves as a complete logic element, having the functionality of a
buffer, inverter, AND gate, multiple.., and demultiplexer depending on its configuration in the
logic circuit. Te directional couplers, which usually contain 4 optical terminals and one elec-
tronk control terminal, are oenvert, I to 5-terminal optical devices by incorporating a detector
and drive electronics at each device. The design also uses conventional dB optical splitters for
signal fan-oat, and optical combiners thai serve as the optical equivalent of the "wired or"gate.

___T 4L9 . . in!se4mor and System Clock

The optical delay-line memory is simply a loop of optical fiber whose length is computed to hold
a specified number of circulating bits, at a given clock frequency. Key to the use of optical fiber
in thi capacity is the use of the LiNbO2 directional coupler for synchronisation and amplitude
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Srestoration in the loop. This synchronization and amplitude restoration is imotnsincelooses In the directional couplers can approach 7 dB, in addition to fiber losses. Thermal

coefficients of expansion and refractive index impose limitations on the size of the loop, unless
measures are taken to control this source of variatioa In the optical length of the delay line.
The paper discusses measures to minimise or compensate for this effect. System clocking is pro-
vided by a 1300 am laser modulated at the desired frequency. Clock duty cycle is less than

SYSTEM DESIGN

Design techniques employed here did not use any ltip-lops or latches for synchronisation.
Rather, the design relies on temporal synchronisation during the design process. Fiber lengths
were calculated so pulses arrive at key locations in synchroniuation. The first design iteration
was done anuminS no delays anywhere except where they are desired. A second iu -ration
takes into account component delays and incorporates them when computing fiber interconnect
lengths.

System Architecture

The system employs 49 directional couplers. The system is accumulator based, with a single
accumulator, Instruction register, and program counter, all 16 bite in length. The main memory
is a fiber delay loop. The ALU is capable of simultaneous calculation of complement, sum,
and, or, clear, and rotate right. Instruction execution has four phases, instruction search,
instruction fetch, operand search, and instruction execution. The instruction set is fairly con-
ventional, with eight instructions. These instructions each permit a computation, and condi-
tional or unconditional branch capabilities, however, allowing some instructions to perform
"double duty."

SUMMARY

We describe an optical computer based on fiber delay line storage, optoelctronic directional
coupler logic and switching, and fiber Interconnections. Such a system bears a distinct similar-
ity to early electronic computers resulting in both cases from the technological problem-involved
in building and reliably operating large numbers of active devices. The fact that signal propaga-
tion time is large relative to gate delay gives a major geometrical component to the architec-
ture. The signal propagation time is even used as the basis for storage of information, so that
each signal path in the machine must be considered as a storage element, or at least modifying
the behavior of a storage element that is the source or destination of the signal. The use of
optoelectronic directional couplers as the active elements of the machine leads to a unique solu-
tion to the signal amplitude and timing restoration problem. The architecture for a first opti-

cal, stored program computer has two goals: it Is a short route to an operating optical com-
puter, and it permits computer architects to become involved in optical computer design. This
effort should result in technology which will permit high-speed all optical controllers for control
of fiber optic communication systems.

II
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OPTICAL COMPUTING BY DOUBLE TRANSFORMATION

OF SPATIAL COHERENCE OF LIGHT

Yu.A.Bykovsky, i..Markilov, M.F.2:mazheliuk, S.N.Starikov
Moscow Engineering-Physics Institute, U.S.S.R.

Summary
The possibility of spatial frequency filtering and correla-

tion ainalysis of images by double transformation of spatial co-
herence of light is considered. Experimental setups and results
on image processing with partially coherent light are described.

Abstract

Spatial coherence, as well as amplitude, phase and polari-
zation of light passed through an optical system can be modula-
ted by the information to be processed. The transformations of

spatial coherence permit to perform computing operations on ima-
ges formated b9 quasimonochromatic spatially incoherent light.
The transformation of spatial coherence on free space path with

following visualization by a wavefront rotating interferometer
allows to compute Fourier-transform of the input image intensity
distribution. The double transformation of spatial coherence
with masking in spatial frequency plane makes available spatial
frequency image filtering. The bipolar impulse response of the
filter can be realized too. The intermediate holographic recor-
ding tne visualized spatial coherence offers the possibility to

carry out both linear and nonlinear computing operations. For

instance, the autocorrelation function for the input image can
be calculated when the hologram is illuminated by partially co-

herent light and Fourier-transform of the hologram intensity di-
stribution is optically fulfiled. The experimental comparison of

optical computing by the described method with coherent light
computing demonstrates that inaccuracy due to phase aberrations

and displacements of optical elements iL. considerably smaller in
the first case. Thus, the use of the double transformation of

spatial coherence of light in optical systems tith spatial inco-
herent quasimonochromatic input illumination provides to imple-

ment linear and nonlinear computing operations.
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RAIIIVIL PARALLEL COMUING AIM OPTICAL6 IIIUMCOIIECTIOU
ARCNxYNCTUaBS

D. COUT, OIIER-CRT/DI

Massively parallel architectures play a key role in the development
of supercomputing. They must face the difficult problem of interconnecting
thousands of electronic units (processors with private memory).
Potentially, optics exhibit* valuable properties which confer to the pa-
rallel architectures specific characteristics that will be analysed in
this presentation.
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Applicability of Laser Beamsteering for Rapid Access
to 2D, 3D, and 4D Optical Memories

Haim Haskal, Philip D. Henshaw,
Robert C. Knowlton and Peter B. Scott

SPARTA, Inc.
21 Worthen Road

Lexington, MA 02173 USA
(617) 863-1060

I. Introduction

II. Laser Beamsteering Techniques
A. Review of Beamsteering Techniques
B. Photorefractive Beamsteering
C. Frequency Agile Laser Beamsteering

III. Optical Memory Configurations
A. Potential Memory Capacity
B. Possible Configurations

IV. Promising Configurations
A. 2D Configurations

B. 3D Configurations
C. 4D Configurations

V. Summary

SUMMARY
This paper will discuss recent progress and future possibilities in the area of

rapid access to optical memories containing large amounts of data. The talk will
be divided into three parts. First, laser beamsteering techniques will be reviewed,
second, optical memory configurations will be discussed, and third, the possible
combinations of these concepts which can lead to useful devices will be presented.

Laser beamsteering devices can be grouped into several methods according
to their principle of operation; each of these methods has inherent limitations.
The number of beam positions available using each method is a key parameter
for optical memory access, and the limitations on this figure of merit will be pre-
sented. Recent progress in two areas, beamsteering using photorefmctive materials,
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and beamsteering using an agile frequency laser and dispersive structure will be
presesded. A wideband (50 rim), high speed (1 msec to 100 psec), laser tuning
mechanism capable to producing 500 to 5000 addressable beam positions using
the frequency agile technique will be reported. Each of these methods has the
potential for producing a much larger number of addressable beam positions than
currently available techniques.

Second, optical memory configurations will be characterized and reviewed.
This review will consider current techniques such as optical disk storage and pro-
jected future tehmiques using spatial and spectral storage. For example, bits can
be stored an a plane or in a volume, and recent results indicate a spectral dimen-
sion is also conceivable, leading to 2D, 3D, and 4D memory configuration. Other
characteristics include holographic versus bit-oriented storage, moving versus sta-
tionary media, and parallel versus serial readout. Simple relationships governing
the projected capacity of each of these media will also be discussed. These re-
lationships will motivate requirements for the beamsteering or spectral memory
access techniques.

The available beamsteering techniques combined with the possible memory
architectures produce a large number of possible memory device configurations;
which of these configurations should be pursued? In the third pat of this paper,
we will discuss criteria by which to judge these devices, and then present several
combinations which appear promising for either near-term or far-term projects.
Specific research results in rapid access to optical disk media will be presented.

This work is being sponsored by DARPA and the Naval Ocean Systems Center
under contract number N66001-86-OC-0095. The Technical Monitor for this work
is Dr. John Neff of DARPA.
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Jargen Jah s
AT&T Bell Laboratories
Crawford* Corner Road

Holmdel, NJ 07733

SUMMARY

Optical digital computers and switching systems offer the potential for massively
paralel operatiom. Their performance, however, will depend strongly on the efficiency of
istereoseatiag various layers .1 lofic gates. Data networks such s the perfect shuffle
and the banyan network have been considered recently for an optical implementation.
These networks consist of It(N) stages where N is the number of inputs. It has been
show that Ies(N) type networks can be used efficiently in a parallel digital computer in
terms of gate eont and throughput Ill.

In tkis paper, we present crossover networks as an alternative to the banyan and the
perfect shuffle. Crossover networks offer the potential for a simple implementation
using free-space optics. Specifically the use of crossover networks allows to exploit the
full siee-bandwtdth product of an optical system 121.
The flow diagram for a cromsover interconnect is shown in Fig. 1. For N - 8 inputs the
network consists of log N - 3 stages. As we see, each stage of the network consists of
straight-through connections and crossover connections. These crossover connections
are applied to vatting partitions of the input data. The partitions have the size N, N/2,
N/4,... as we proceed from one stage to the next.
An optical setup to implement the first stage of the network is shown in Figure 2. The
input gets split into two different branches. One branch with a mirror in the image
plane implement* the straight-through connections. The other branch with a 90 degree
prism accomplishes the flipping of the top position to the bottom, the second from the
top to the second from the bottom, etc. The outputs of both branches are
superimposed in the output plane. Using polarization optics, it is possible to implement
the operation without loss of light. An experimental result is shown for the
implementation of the first stage in Figure 3.

The crossover network is isomorphic to the perfect shuffle and the banyan network.
From this isomorphism result applications to a variety of tsks in optical computing,
signal processing, and photonic switching.

[I M.J. Murdocca, A. Huang, J. Jahns, N. Streibl, "Optical Design of Programmable
Logic Arrays", to be published in Appl. Optics.

121 J. Jahns, IL. Murdocca, "Crossover Interconnects and their Optical
implementation", submitted to Applied Optics.
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A multiprocessor based on optical crossbar
network (KIORD project)

Autmr: P.CI4UROUX, M1FRACES, KtLAUS (Optics department)
D.COIITE, P.SIRON, X.THIBAIJLT (Computing department)

Apart from the traditional advantages of optics (high
bandwidth, Interference Ismunitq), its high degree of parallelism
will permit In a near future to connect a great number of processors
communicating between themselves at high information rates. So it
sees natural to consider the possible applications of optics to
reconfigurable Interconnection networks.

The IIILOFO project (ifultiprocesseur lnterconnectd par
iaisons Optiques, Reconfigurabies Ognamiquesent) was born in 1965
from the collaboration of the CERT's Optics and Computing
Departments

I111060 Is a muitiprocessor architecture organized around a.
35035 optical crossbar network, interconnecting 8 ItIOS Till4
microprocessors and a ninth T41l host transputer having three links
on the network. The executing anit of the 1111069 machine contains 8
INIM 14 mh icroprocessors each connected bg four serial
bidirectional links on the optical crossbar network. Each transputer
Is a 32 bits processor providing up to 10 flips processing power (the
111106 machine information rate) and a 256 kbiltes own mefory.

The optical crossbar network is a tt2 parallel matrix-vector
Inner produt processor. The optical switching matrix Is achieved in
the output window of a 1*4060 DIR HUSHES LCLU. The output links of
the transputers modulate 35 lose diedm., each coupled bg a pigtail
te a linear 35 optical fibers array. This fiber arrag constitutes
the 35 Input links of the network. A cylindrical optics conjugates
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this array on the LCLU output window and after reflection, on a
linear photo diode array. 35 independent elements of the photodiode
arr y deliver after amplification and numerical treatment the
crossbar output signals on the input links of the transputers.

The network reconfiguration function is achieved by on
optical way with a green CRT applied on the input window of the
LCLU. The host T414 transputer allows to modify the entire switching
matrix when all the transputers elementary works are finished. Apart
from the reconfiguration phase, the processors may communicate with
an asynchronous mode. The network reconfiguration time, which is
about tens of milliseconds, depends on the LCLU rise and decay
times. The LCLU rise and decay times are in direct ratio to the
write light intensity and in inverse ratio to the LCLU modulation
frequency.

The number of available links on the network (35 in our
machine) cannot in any case overpass the contrast ratio of the LCLJ
which is about 100/1.

The intensive Investigation which is carried out for several
years about ferroelectric liquid crystals would permit to low the
switching time per point to about tens of microseconds. So it would
be possible in a next future to reduce the whole matrix
reconfiguration time by a factor 1000 with a parallel command on the
ma-.rix lines for example (with the condition of a transfer line time
negligible In front of the switching time per point).
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OPTOELECTRONICS TECHNOLOGY
RESEARCH LABORATORY

4On)
5 -5 TOOKOCAI, iSUKUDA. PHONE 029747-4331

ISARAKI 300-26. JAPAN FAX 029747 - 4180
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Title:

Opto-electronic Integration will be the key for the

Optical Computing izuo Hayashi

Optoe!ectronic Technology Research Laboratory

Summar y:

In many cases of optical computing system, use of

electronic subsystem would be essentla.l, provided

(photon-electron) converting (or controlling) devices

are available. In order to fabricate such devices,

technology for integration of optoelectronic devices

with electronic devices will be mandatory.

In this talk recent developments in OEIC

technologies, such as precise dry etching, ultra-high

vacuum fine pattern doping or highly mismatched hetero

epitaxy (GaAs on SI) will be presented.
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OPTOELECTRONICS TECHNOLOGY
RESEARCH LABORATORY

(OTLI
- TOKIIODAI, TSUKUSA. PIONE 029747-4331

IARAKI 30- 26. JAPAN FAX 029747-4160

The first motivation of such OEIC technology

research Is to provide (electron-photon) converting

J device for optical Interconnection in electronic

systems, such as communication or computing systems.

However it is evident the same technology will be useful

to provide (photon-electron) converting or controlling

device in optical computing systems, such as two dimen-

tional emitter arrays, space light modulators with elec-

tronic control.

Feasibility of such OEIC devices and their future

prospect will be presented.

Izuo Hayashi
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PICOSECOND 1NOR GATES WITHOUT FABRY-PEROT CAVITY

J.H. Colet and M4 Pugnet

Laboratojre do Physique des Solides associ6 au MNRS

D36partement de Physique.INSA

Avenue do Ranguell, 31077 TOULOUSE CEDEX, FRANCE

Several optical induced absorption phenomena appear in

semiconductors in the presence of a dense electron-hole

plasma which is most readily generated using picosecond

Laser pulses. These effects may be used to work out an

all-optical picosecond inverter gate and more generally

a many input NOR gate. It, must be stressed that no

Fabry-Perot cavLity is ntecessarzy: These are bulk

effects.

A first possible induced absorption effect appears for

photons the energy of which is close to the material

handgap, one. It is related to exciton screening and

bandgap renormalization in case of hot pumaping~ of the

electron-hole plasma. The operation of such an

all-optical modulator will be reported on a IF'VI

semiconductor mat-erial, namely CdSo at 77 K. The NOR

gate operation conditions are discussed in relation

with the possible deveikpment of optical cellular

coprocessors C compatible with a parallel processing of

data )and especially in relation with the critical
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problem of associating and cascading optical NOR cat..

We report a first stop toward cascadable picosecond NOR

Cates by demonstrating the possible operation of an

all-optical inverter gate which uses an intermediate

frequency doublin of the output signaL This implies

that a cascadable all-optical NOR gate operating in an

one-wauelength mode is possible. Experiments were

carried out at liquid Nitrogen temperature. The

operation wavelength is around 673 rim in CdSe. The

switching energy of the NOR gate was 30 mJ/cmz/pulse at

337 rnm.

A second possible induced absorption effect appears in

semiconductors, due to transitions in picosecond regime

of electrons from the split-off valence band to the

heavy and ligth holes bands. The operation of such a

NOR gate is demonstrated on 300 jm thick GaAs platelets

at. room tempe'ature. The modulation wavelength is

around 1.57 pm. Camcadability anid switching energy are

discussed.
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Storage and Generation of Optically Encoded Pulse

Sequence Using a SRS-Inverter with Feedback

M.P.Petrov, V.I.Belotitskii, V.V.Spirin, E.A.Kuzin,
M.A.Maksutenko

A.F.Ioffe Physical Technical Institute of the Academy
of Sciences, Leningrad, 194021, USSR

The report discusses the possible ways of utilization of

a fiber-optic SRS-inverter (NOT gate) first reported in /1-3/

as an optical code generator in digital optical computers.

The inverters of this type can be operated with a pulse repe-

tition rate of up to 10 1 1 -101 2 Hz and require the pump pulses
of sufficiently low energy of 1 0 -_1 0 - 2 J. The energy of

signal pulses can be even two orders of magnitude lower.

As the studies have shown, the inverter exhibits a fair-

ly high differential gain coefficient, has a suitable input-

output characteristic, and the signal from its output can

serve as a driving signal for several other inverters. There-

fore, the element is cascadable.

The use of even a single inverter allows however important

problems related to optical information processing to be solved.

For instance, if the signal from the inverter output is applied

to its input, we can obtain the devices of the type of code ge-

nerators, pulse repetition rate dividers, and dynamic memories.

The scheme of the fiber-optic inverter with feedback used

for division of the repetition rate of optical pulses has been

experimentally studied. In operation, the round-trip transit

time of the pulse was set equal to the repetition ptriod of the

laser pump pulses. As a result, the pulse sequence with the repe-

tition rate half as high as that of pump pulses was observed at

the output of the inverter. Duration of the pump pulses used

was of the order of 25 ps, the repetition rate was 10 Hz.

References.
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ALL-IPITAIAL AlAs/GaAa BISTABLE ETALONS

FOR LOW POWER OPTICAL LOGIC

J.L. Oudar

Centre National d'Etudes des T616communications

196, avenue Henri Ravera F-92220 Bagneux, France.

Intrinsic bistable devices represent a very promising approach 4

for the fabrication of large two-dimensional arrays of optical logic

elements, since the simplicity of their structure allows their

miniaturization down to the micrometer scale, hence reducing the

optical power requirements. The use of excitonic or band-gap resonant

optical nonlinearities in III-V semiconductors, eventually as multiple

quantum wells, have proven to be very effective for making such

bistable devices, in the form of nonlinear Fabry-P6rot 6talons

operating at semiconductor wavelengths and power levels.

We report experimental results on such bistable devices, grown

by metalorganic vapor phase epitaxy, which include GaAs as the active

nonlinear material and AlAs/GaAs or AlAs/AlGaAs Bragg reflectors

grown during the same epitaxial process [1]. This allows very compact

structures, with a total thickness of 4 pm along the light propagation

direction. Without any further technological processing, hysteresis

cycles have been observed in the reflective mode with high

reflectivity contrast, approximately 10 ns switching time, and 4 mW

threshold power. With a holding beam at this power level, NOR gate

operation can be achieved with submilliwatt logic inputs. The efficient

heat-sinking realized by direct-contacting the 6talon to the heat-sink

results in a considerable reduction of the thermally-induced nonlinear

effects that usually arise in such semiconductor bistable devices.

Still better characteristics. are expected when a lateral structure is

101 "



defined on th, plane of the sultilayer. Etching techniques have led to

the fabrication of two-dimensional arrays of small-size 6talons,

potentially useful for parallel optical logic.

(1) R. Kuszelewicz, R. Azoulay, J.C. Michel, J. Brandon and J.L. Oudar,

Proc. of the Int. Conf. on Optical Bistability IV. Aussois, March

1988.
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ARAY IMiIZATORS FR EOPTICAL COMPUTER

A. W. Lohmann, W.Lukoszl, J. Schwider, N. Streibl, J. A. Thomas
Physikalisches Institut der UniversitAt Erlangen-NUrnberg

Erwin Rommel Str. 1, D-8520 Erlangen, FRG
1 Optics Laboratory, Swiss Federal Institute of Technology

CH-8093 ZUrich, Switzerland

An array illuminator splits one incoming light beam into many
power supply beams for an array of optical logic devices. Several
optical arrangements are investigated.

Optical bistable devices need strong holding beams to maintain
their stored information. Optical logic devices need optical
power supply beams. A periodic structure of devices can be

illuminated by an optical setup which transforms an incoming beam
nto a set of sub-beams of equal intensity separated by a dark
surrounding. There are several possibilities to achieve this
goal. For example lenslet arrays may be employed to generate

arrays of spots. Also, the compression can be brought about by an

array of telescopes of holographical /1/ or pure optical design.
The light compression in this case is proportional to the square
of the ratio of the focal lengths of the two lenses forming the

telescope. Other illuminator arrays rely on Fraunhofer diffrac-
tion on binary phase gratings of Dammann design /2,3/. High
accuracy of the grating structure is necessary, if many diffrac-
tion orders (say 17x17) of uniform brightness are required/3/. In
the Fresnel region the Talbot-effect delivers self-images of a

diffracting phase grating in space. These self-images show strong

intensity modulation and at certain distances behind the grating
the light energy is concentrated in a set of bright patches as
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required /4/. Another array illuminator is based on the wellknown
phase contrast method where phase variations of an object are
transformed into intensity variations in an image /5/. The

obtainable compression ratio is limited to about 4, i.e. the
energy of a quadratic subaperture is concentrated in 4-th of its

area. As has been indicated by Lukosz /6/ an additional improve-

ment of the phase contrast illuminator can be obtained if one

uses a different phase shifter with a different shape in the

Fourier plane. Yet another increase in compression can be
obtained if the background does not have to be totally dark.

We compare the different approaches to the array illumination
problem in terms of splitting ratio (number of spots), compres-
sion ratio (dark / bright area), homogeneity (intensity devia-
tions between different spots), light efficiency and manufactu-

ring problems.
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KFFICIENT 8O.,OGRAPIC OPTICAL INTECONNECTS

USING RESONlATED OLWANS

Paul C. Griffith and Stuart A. Collins, Jr.

The Ohio State University
ElectroScience Laboratory

1320 Kinnear Road
Columbus, OH 43212

U.S.A.

aSummtry

Holograms show promise as optical interconnects both for electronic

intra- and inter-chip applications and for numerical optical computing. We

are concerned with aplications where it is desirable to store many

interconnects in the'same hologram while maintaining good diffraction

efficiency. In such cases neither presently available film nor electrooptic

crystals can give the desired combination of high diffraction efficiency

and larze numbers of exposures. Resonant mirrors eliminate the problem by

bouncing the light many times back and forth through the hologram to

achieve the desired efficiency. Up to one hundred percent efficiency is

possible for lossless multiexposure holograms. Experimental data on low

loss holograms is presented shoving agreement with theory and indicating

potential problems and their solutions.

105

b*

,- -wm mm m•• nm n m



The concept is shown schematically in the figure vhere we see a single

thick hologram with four mirrors. The incident beam enters through mirror

one, intersects the hologram at the Bragg angle, and the diffracted beam

exits through mirror number four. Mirrors number tvo and three are fully

reflecting and mirrors one and four are partially transmitting. Optimum

performance is achieved by choosing the reflectivities of mirrors one and

four to match the hologram characteristics and by adjusting

hologram-to-mirror distances. This approach works equally well vith only

three mirrors and has shown reasonable performance with only tvo mirrors.

It can be used with either transmislon or reflection holograms.

Ve have built and demonstrated such structures using a hologram with

some loss and intentionally chosen small diffraction efficiency and

made measurements which agree vith theoretical predictions. These will be

presented. In addition, further theoretical analyses predicting efficiency

and angular widths for two, three, and four mirrors, and configurations for

extending this approach to holograms with many exposures will be presented.

XN OUT
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j. 1. Soos and R. G. Piosemeier

Briarose corporation of America
7720 Delair Road

Batimore, ICD 21L236
(301)668-5800

A novel device for optical omuputing applications is a single element 2-D

acousto-cptic device. Recently, Brimrose corporation of America designed and

built such a device with two longitudinal acoustic waves propagating 90 deg to

each other in the same substrate. This device can be used for vector

multiplication as well as for global interoonection applications.

SLuMW

The 2-D device operates at a center frequency of 475 MHz with a 100 M4Hz

bandwidth. The laser wavelength range is fromt 570nm to l.l5pm. A single

Ecrystal of GaP was chosen as the optical substrate, because of its symmetry

and high figure of merit. The figure of mrit, M2, is only material dependent

and can be described by the following equation
6 2

(1) M2  n -p

where n is the index of refraction, p is the photo-elastic constant, P is the

density and V is the velocity of sound.

optical bandwidth is wavelength dependent and can be expressed as:

(2) Af = 1.8 n V
L f I X

where f1 is the center frequency and X~ is the laser wavelength.

This paper will describe the usefulness of this single element A-* device for

global interconnection applications.
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A Hybrid Electro-Optic Switching System

Christa J. Gerglou
Aumdan Vmm

Computer Sdece Department
IBM Thomas J. Watson Research Center
P.O. Box 704
Yorktown Heights, New York 10598

The use of optical techniques has been widely rccognizcd as a solution ror overcoming
some of the fundamental problems in data communication and switching. An important
application of optical technology is in thc coupling or high-performancc computers to
form powerful multiprocessors. A central switching network, connected to the comput.
ers through high-speed fiber-optic links is a suitable candidate for interconnection in
such systems. These networks can provide high bandwidth and low latency, together
with modular expansion. The number of processors in the system is relatively small,
allowing the use of a central non-blocking switch.

An all-optical implementation of the switch would eliminate the problem or optoclec-
tronic conversion of the signals. Optical switching techniques possess several desirable
features such as high data bandwidth, large amount of inherent parallelism, small size
and power requirements, and relative freedom from mutual interference or signals.
However, in general, their reconfiguration time is much higher than electronic imple-
mentations, resulting in higher latency. In addition, they are diffieult to control op-
tically. Although optically-controlled switching has been demonstrated, it lacks the
flexibility of electronic control. In addition to setting up the path for the desired con-
nection, the controller is also required to resolve conflicts among requests ror connection
and administer the protocols to establish, maintain, and terminate connections through
the switch. These functions am beyond the limits of current optical technology.
Therefore, an optical switch with all-optical controller is difficult to implement.

In this paper we attempt to combine some or the merits or electronic and and optical
switching technologies, namely the high bandwidth or optics with the rast reconfigura-
tion of electronic switches. This is achieved by providing two independent switching
subsystems, one a high-speed optical crossbar and the other a slower electronic crossbar.
Both subsystems are controlled by a single electronic controller. The optical crossbar
provides a high-bandwidth high-latency path while the electronic crossbar provides a
path with lower bandwidth but low latency. The overall communication time for a
message can be minimized by selective use of the electronic and optical crossbars.

Our switching system is a central switch connected to the processors through fiber-optic
links. Each processor is connected to the switch by means of a pair of high-speed links
and a pair or low-speed links, providing two full-duplex communication paths. The
low-speed links are interfaced to the switch by full-duplex ports whereas the high-speedIlinks are connected directly to the switch with no interfacc components. The switching
system consists or two swiching planes, an electronic plane and and an optical plane.
This is illustrated in Figure I. The optical plane is an optical crossbar network con-
trolled electronically. The electronic plane is a conventional electronic crossbar network.
The high-speed links associated with the switch ports arc connected to the optical planeand the low-speed links are connected to the electronic plane. Optoelectronic conversion
is performod only for the low-speed links. A single clectrmaic controller controls both
switching planes. While no assumption is made regarding the absolute bandwidths of
the two sets of links, we expect the bandwidth or the high-speed links to be about ten
times that o. le low-speed links, while the reconfiguration time of the optical plane is
about a hundred times that of the electronic plane. For example, it is practical to use
100 Mbps fibers fc the low-speed links and I (;hps links for the high-speed links.
Control information is sent through the low speed links whereas data can be sent
through either of the links. rEach low-speed port lies hardware for
seriallzation/deserialization ofdata. Additionally, buffers am provided on each low-speed

$* port to allow qucuting of messages at the switch. No such conversion or buliering is
performed ror the high-speed links. 108



The system can be used either as a circuit switch or a message switch. Message switch-
ing is done through the low-sp d links. In this mode, the address or the destination
node is encoded in the header of the message and is sent by the source node to the
low-speed port or the switch. Ali incoming data is buffered at the low-speed ports. Thc
port generates a request for the designated destination to the controller. If the desired
destination is available, the controller then sets up the electronic switching plane and
allows the dat to be transmitted to the destination. The optical switching plane and the
high-speed links do not participate in the data transfer and hence the available band-
width is that or the low-speed link. Therefore, the message switching mode is suited to
small blocks of data.

TIe second mode of operation, circuit switching, is useful for large blocks or data. Un-
der this sheme, a node desirous of communicating with a destination sends a connect
request as a control meange through its low-speed link to the switch. The switch con-
troller decodes this message and sets up the optical plane, thereby creating a physical
path between the high-speed links associated with the source and destination ports. The
controller simultaneously notifies the destination node through the low-speed link about
the connect request so that the interface adapter at the destination port can set itself
up for the traser of data. On receipt of a favorable response from the destination, and
after the setup operation ofthe optical plane is complete, the controller sends a response
message to the source node as acknowledgement. The source node, on receiving the
acknowledgement, sends the data over its high-speed link to the destination. No addi-
tional handshaking is necessary till the transfer is complete. Thus, in the circuit switched
mode, the low-speed links are used only for control. An overhead is paid in terms of the
time required for the handshake and the setup time of the optical crossbar, but, for large
blocks of data, this is offset by the higher bandwidth available in the circuit switched
mode of operation. An analysis and comparison of the two modes of operation is pro-
vided in the full manuscript.

In summary, the novelty of the architecture is in combining the strong aspects of both
electronic and optical technologies. This enables the switch to approximate the transfer
time of an all-optical switch and the latency of an all-clectronic switch. The electronic
switching plane can be implemented using the relatively slower CMOS technology. All
the optical and optolectronic parts arc available or can be built with current technology
for speeds as high as I Gbps. This is an attractive alternative to building all electronic
high-speed switching systems using an expensive technology like GaAs or ECL.

Ica
Switching Plane

part

Electronic
Switching Plane

Ms.- 1: -AI. -Controler _
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Prospects for Optical Computing Devices based on Distable and Logic Plates

B.S. thrrett

Departaent of Physics. Heriot-Watt University, Edinburgh EH14 4A8. U.K.

Optical cellular logic image processing is discussed, and existence-proof
£flemsntations of the basic components and circuit features are described.
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FIBER OPTIC DYNAMIC MEMORY FOR THE FAST SIGNAL

PROCESSING AND OPTICAL

COMPUTING

M.I.Belovolov, E.M.Dianov, V.I.Karpov, V.N.Protopopov,

V.W.Serkin

General Physics Institute, Academy of Sciences of the USSR

38 Vavilov Street, Moscow 117942, USSR

Progress in.the measurement and computer engineering, in par-

ticular in the optical computing and optical computers, requires

fast memory devices of sufficiently high capacity, capable of

operating with fast parallel coded sequences of electrical and op-

tical data (0.1-100 Gbit/s), which can be coupled with modern com-

putation systems (fiber optic ones). The application of single-mode

fibers as elements of great information capacity makes possible to

create fast dynamic memory devices on the base of optoelectronical

or optical ring circuits for the data circulation which provide the

long-time storage of the data signals, keeping constant their shape

and value (regeneration). The product of the bandwidth and the

delay time in a single-mode fiber in a linear regime at one wavelengi

of the optical carrier amounts to about 106 and .determines the in-

formation capacity of a fiber. The information capacity of a fiber

memory device can be practically increased by 10t100 times using the

spectral division multiplexing.

The main physical principles of construction and operation of

fast fiber optic memory devices are preserted. Some types of dynamic

fiber memory devices are considered:

1. cdptoelectronLc memory with a repeater in a circult,

2. o oherent optoelectzonic memorys

r3.f1ber memory with an optical amplification (r*generatLon) in a



1

4. optical memory operating on solitons in fibers.

We have constructed the first system for the data processing on

the base of microcomputers and digital dynamic memory of the first

type with parallel spectral multiplexing of 6 different wavelengths

operating on a single graded-index 5 km-long fiber at the wave-

lengths in the vicinity of 1.3 Jun. The system includes the analog-

to-digital and digital-to-analog converters, a fiber digital memory

block, a controller and an interface for the connection with a corn- j
puter. The scheme provides fast digital processing of analog signals

of up to 25 us in duration with the sampling time of 14 ns and the

resolution of 64 levels or digital 6-channel data sequences.

The special feature of the processing system with a digital

fiber memory is that it provides a long-time information storage

(minutes and hours) while its sampling time is practically limited

by the broadband of electronic components.

The fiber optic memory device using solitons as digital data

carriers is very promising for the ultrafast data processing.

Here we have calculated the nonlinear dynamics of noise evolu-

tion in the fiber optic line with the Raman amplification of solitons..

It was shown that solitons are cleared from noise in the process

of Raman amplification - they throw down "the noise coat" -providing

the possibility to store the solitons in a ring circuit for a long

time.

The complete optical scheme of a memory device using a ring

circuit of the soliton recirculation in a single-mode fiber with -1
Raman amplification for the loss compensation is suggested here.

The operation of soliton memory devices is based on the full soliton

0eit-renenration without noise accmlation ar frequent recircla

* in the process of Raman amplification.
. . .. . .... . ... .. , .' ;t
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° OPTICAL BISTABIL ITY AND AUTOWAVES

' IN A NONLINEAR PLANAR WAVEGUID E

~V.Yu.Bszhenov, M.S. Soskin. V.B.Terenenko

Institute of Physics. Acad.Sci.UkrSSR, Kiev, USSR

An important advantage of the opt ical bistable systems

consists in their spatial distributivity giving rise to both

transverse and longitudinal light field transformations. Such

systems can be used for two- and three-dimensional opt ical

information processing. One of the new bistable systems is based

on the excit at ion of leaky waves in the nonlinear planar

waveguide (NPW). Earlier in refs 1.2 the bistable NPW was studied

theoretically in the plane wave approximation.

The present report is devoted to both theo ret ical and

experimental investigat ions of spat ial and temporal light field

transformations in NPW with leaky wave excited by the spat ially

limited light beam. Gelatin NPW having thickness of 5 JAm with

slow thermal nonlinearity (T'-1 s) was used as an experimental

model. Leaky wave excitation was provided by means of the glass

prism coupler. Light field transformations in NPW were studied by

measuring the intensity, phase and polarization distributions in

the beam reflected from the guide layer. Different kinds of

nonlinear effects (power stabilizat ion. differential gain.

optical bistability) were realized under excitation of the NPW

with nonfocused beam of argon laser having intensity less then 1

2.W/cM . The switching wave in NPW is shown to possess significant

spatial asymmetry as compared to one in the system of nonlinear

cavity type (ref 3).

'.'Theoretical descriptioen of the system has boan provid*4 by U



means of the numerical solution of two-dimensional wave equation

taking into account thermal conductivity of the waveguide layer.

The results of calculations are In a good qualitative agreement

with the experimental deta.

Theoretical analysis has shown that the autowaves in NPW can

be effectively controlled by varying the spatial and temporal

parameters of the exciting light beam. The hysteresis of the

switching wave pro file during its tunneling through the

no nilluminat ed region of the guide layer was realized

experimentally. The optical mult istability with comparat ively

small ( 3 ) nonlinear phase variations can be realized. The

steady states have different spat ial configurat ions and the

change Of the mode number in this case is not required.

Another interesting autowave process in NPW is due to the

significant asymmetry of the nonlinear perturbat ion transfer in

the guide layer caused by the unidirectional propagat ion of a

light in the layer. In this case forward and backward fronts of

the switching wave can move in the same direction. The

unidirectional movement of the switching wave without capture of

the switched-on state was realized experimentally by the pulse

perturbation of NPW with an additional light beam.

Thus the bistable NPW seems to be a good candidate as an

element for the systems with parallel optical processing.
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Optical Bistability in Evaporated Thin Films of UdS

Y. Iyochika G . 'Jingen,..,D. Jiger,
+ + +

H.- Wegener , A. Witt and C. Klingshirn

Ins titut fUr Angewandte Physik der Universitit,

Corrensstr. 2/4, .-DL-4400 MUnster, Fed. Rep. Germany

Takatauki Res. Lab., Sumitomo Chemical, Osaka, Japan

+ Fachbereich Physik der Universitit, Erwin Schr~ddinger Str.46,

D-6750 Kaiserslautern, Fed. Rep. Germany

Summary: Large areas of homogeneous active materials are

needed to fabricate two-dimensional arrays of. optical

switching elements for parallel processing. Evaporation seems

to be a superior technique for this purpose. Here, we discuss

the - optical bistability (OB) in evaporated thin films of CUS

at 514 nm. bue to its high photosensitivity, this material

also provides .a great potential for super-integration of

opto-electronic devices such as SEED elements /1/./

4 Fig. 1. Induced ab-

sorption OB in evapo-

3 rated UdS thin film

(thickness.8. pm) on
-I2

glasssu tris x-
0.
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Optical Bistability in Air-Spaced Fabry-Perot Etalons
Caused by Thermal Expansion

W. Lukosz, P. Pirani, and G. Combe
Optics Laboratory, Swiss Federal Institute of Technology,

8093 Zfrich, Switzerland

Optical bistability (OB) in Fabry-Perot resonators (PP's) of
the interference filter type caused by the thermo-optic effect in
the spacer material is well-known. We report on a new mechanism
for OB in air-spaced FP's, viz. thermal expansion of the mirror

substrates, which leads to a buckling of the mirror surfaces, and
thus to a reduction of the mirror separation d (see Fig.1). We
present a theoretical analysis of this OB mechanism and experimen-
tal results obtained with metal mirrors on glass or polymethyl-
methracrylate (PNMA) substrates, at He-Ne- and semiconductor-laser
wavelengths. We also compare the performance limits of these bi-
stable FP's with those based on the thermo-optic effect.

The mirrors MI and N2 can be both absorbing metal coatings, or
one absorbing, the other dielectric, or both dielectric, if an
absorbing layer is located between mirror M2 and its substrate.
The theory starts from a calculation of the FP's transmission
T(d), reflectance R(d), and absorbance A(d)=1-T(d)-R(d). In the

steady state d is reduced from its initial value d0 linearly pro-
portional to the absorbed power PA=A(d)P, i.e,

d - d0 - tans A(d), with tanb=g(S/A)P, (1)

where P is the incident power, 0 the thermal expansion coeffi-
cient, A the thermal conductivity, and g a dimension-free geo-
metrical factor which depends on the laser spot size 2 pe and the
thermal boundary conditions. From the graphical solution of Eq.1
shown in Fig.2, it follows that OB can occur. Figure 3 shows cal-

culated hysteresis curves of transmitted power PT=TP and reflec-
ted power PR-RP versus P. In the calculations we used the value
G/A%330 nm/mV for PMMA and assumed guO.5. We obtained for symme-
tric FP's with gold or silver coatings of thickness d. on PUMA
critical powers P0 as follows: 1) at X=632.8 na, PcU85 and 130 mW
for Au with %w50 and 40 nm, respectively (in good agreement with

the experimental results shown in Fig. 4), and PcU20 mW for Ag
with d41,60 nm; 2) at A-780 nm, PC-50 MW for Au with d u50 nm, and
Peog PW for Ag with d,=60 rm. The critical powers on glass sub-
strates, for which /A*10 s m/mW, are about 30 times higher.
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Fig.l. Fabry-Perot resonator. Fig.2. Calculated absorption
H ,M ,mirror coatings; P, AMd versus mirror separation d
iUcdint power; a, angle of of a symmetric FP with 30 and
incidence; P , transmitted 50 sn thick Au coatings on PMA
power; P P rflected power; substrates. Asw632.8 nm; a-00.
d, mirroJ separation reduced Intersections A and C of AMd
from its initial value d by curve with straight line yield
buckling of mirror surfa~es. the stationary bistable states.
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.Pig.3. Reflected power P 'and transmitted power P versus input
power P for FP describ~d in Fig. 2. with a) 30 ni and b) 50 sn
thick Au mirror coatings calculated with the constant B/A=330
nm/mW, and goO.5. d0 -275 run.
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20 Fig.4. Experimental result.
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Opical VistWU1ty by Ph we1 Dipacmet

In Pim RbuIw~ketion of 80mfmc Plameon or lWguzkbd s I

P. Pirani andi V. Luiemz

Opislaboratory, dSi Flederal Institute of Tedinology

8093 Ziridi, Switzerland

Mb demostrted a raw type of optical bistability (OB) by prism coupler
excitation of surface plasnons (SPins) on mtal film in the attenuated total
reflection arrangmnts dr, , in Figs. Ila and c. The OB is caused not by a
thermooptic nonlinearity, but by the p0otothemul displacment effect, whichi
induce a reduction of the gap width d in the coxipling region. The same mectia-

Th Ssatth mta flmM i itaerac ihth eirev eascent

field through the air gap of width d into the prism or the glass plate S,
respectively. Th~erefore, at constant angle of incidence ct, the optimum SP
excitation depends on d, and the absorlznoce A(d) versus d has the form of a
V 1 1 -n - I crve (se Fig. 2). An analogous resonance occurs when a guided mode
in coupled into an absorbing unveguide. Heating of the etal film M or of the
Unaveguide, respectively, by the abseorbed part %Pa~(d)P of the incident power P
causes r*hotothaemm1 displasments of the surfaces, and thus a reduction in gap
width d. In the steady state d is reduced from its initial value d 0 linearly

proportiona~l to PA, i.e., we have
d -do - tmnSA(d), With tanog (/A)P, (1)

where a is the thermal empansion coefficient, A the thermal oxrluctivity and
g is a dieweicn-free geometrical factor which increases with decreasing laser
spot size. It- gaphical solution of &7.0() shows that CB occrs for suitably
diose 1initial gap widths do (sue Fig. 2a).

In Fig. 3 we compare theoretical and experimental results for the
excitation of 's on agold fibm. For SP's on a silver film deposited on a
high Index prism the resonances are muchdi waper (cf. Figs. 2b with 2a). In
the latter om we calculated a critical input power if0. M for glass with
B/AWlO ru/il and assuming g- 0.5. Interesting effects comw for gap widths
WsO no, since strong attractive van der Wal. forces between the glass and

inetal surfaces influence the Woiviour of the bistable system.

0i 1 . Ukaos, P. Pirant, and V. ktiiut, Opt. Lett Z3 363-365 (1967), an in
'Photoacoustic and Photothermal Phenoomena', Springer Serim In Opical
Scierices, Vol. 56, (Springer Verlag, Darlin) 1968, pp. W66-409.
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a) b) c) d)

Fig. 1. Schematic of set-up for prism coupler excitation of
a,c) surface plasmons, and b,d) guided modes iia a planar
waveguide. P, incident power; P , reflected power; a, angle of
incidence in glass prism; M, metal film (e.g., Au or Ag, F,
waveguiding film; S, glass substrate (e.g. of refractive index
nafti.5); 9, glass plate; d, width of air gap.

1a) 6 am058 A56'
CIC BK

9 i .4.

55. A

0L a
0 100 200 d, 10 20

gap width d (nm) gap width d (nm)

Fig. 2. Calculated absorption A(d) versus gap width d at dif-
ferent angles of incidence a. a) Configuration la with 300 nmI thick gold film (Aa488 nm) and b) configuration 1c with 50 nm
thick silver film (A=m514 rn). Intersections A and C of straight
line with Aid) curve yield the stationary bistable states. tane
is proportional to the incident power P.

a) 300 b

0. 0

40 610 
60 10

Fig. 3. a) Calculated reflected power P all-A(d)IP and gap
width d and b) observed P versus input poAr P in configura-

4 tion corresponding to ]Iiql. Ia and 2a. a-42.6*4 ad240 flu.
Calculations with constant go/A=13 nm/mW. \=488 Ra. Scan time
T'.200 a ( .the prism was a high refractive Index (n =2.05)
glass prism.
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BISTABILITY OF CO UPL'ED CAV IT IES

M.V. Va snet sov. A. I.Pet ro pavlo vskii

Instit ute of Physics, Acad. Sci. UkrSSR. KievI

The study of optical bistability is promising now for the

use in optical computing devices. In this communication we are

going to analyse the specific case of optical bistability based

on the existence of two eigenmodes in coupled oscillators with

nearly equal frequencies. We concentrate our attention on a very

simple system composed of a three-mirror laser one of the partial

cavities being filled with an active media and the other empty.

The opt ical lengths of the part ial cavit ies are nearly equal (or

multiple). Thus we may expect the split ting of the oscillating

axial mode (the output is assumed to be single-frequency) to

symmetric and asynmetric modes and possible transitions between

them (see e.g. ref 1). This sit uat ion vias firstly to our

knowledge analysed in refs 2 .3 and here we give more completed

solution of the system of equations derived in ref. 3. The

initial system of equations describing slovw varying amplitudes is

expressed as follows:

tda4  °L a -f,2 3. 2s,

da 4- 2 - 2 * 1 I

/ CS /



where are slowly varying amplitudes of fields in the first

(active) and the second (empt y) resonators respectively. is

slowly varying phase difference between oscillations in the

part ial cavit ies. g.5 frequency det uning• coupling

coefficient. o gain in active cavit y. saturation

coefficient, coefficient of nonlinear phase drift -

lo-sses in the empt y cavit y.

The solution of the system gives in the stationary case

(with neglecting a nonlinear phase drift) the following relat ion

between stat ionary phase difference ( and no rmalized detuning

~S

This relat ion exh ibit s a cusp cat astro ph e in coord inat es

1 .1 and when 1! I. We an~alyze the st abilit y o f stat io nary

solut ion and show that the point of transit ion between two

existing modes depends of the gain 4X. In the point of stationary

breakdown a limit ing cycle occures in accordance with the Ho pf

theorem (ref 4).

We expect that a system of coupled microcavities may be

useful in neural network construction.
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OPTICAL BISTABILITY IN THIN-FILM WAVEGUIDES WITH
LIQUID CRYSTALLINE NONLINEAR PRISM COUPLER.

Tomasz R. Wolifiseki. Miroslaw A. Karpierz,
and Andrzej W. Domafiski

Institute of Physics, Warsaw University of Technology

Koazykowa 75, 00-662 Warsaw. Poland.

Katarzyna Chalasifnka-Macukow and Tomasz Szoplik

Institute of Geophysics, University of Warsaw
Pasteura 7. 02-093 Warsaw, Poland.

Potential application in optical computers of devices
based on nonlinear optical effects and in particular on
optical bistability. [1J is becoming more and more attractive.
It was shown that the power reguired for optical bistability
is minimized by using thin dielectric film waveguides [21.
In such a waveguide it is possible to limit the beam
cross-sectional area to. typically, an optical wavelength.

Therefore, it seem that optical waveguides offer an optimum
interaction geometry for nonlinear all-optical devices [3).
Some experiments were reported, in which existence of

nonlinear guided waves (41, limiting action in prism coupler

[5). bistability in thin-film waveguides with liquid-crystal
cladding (61 etc. were proved.

A basis in nonlinear guided wave devices is an optical
waveguide where a film or a bounding media exhibit an

intensity-dependent refractive index [71. Liquid crystals
(LCe) are very attractive materials for this purpose since
they have one of the largest known intensity-dependent
refractive indices arising from laser-induced thermal effects

and molecular reorientation due to the strong
liquid-crystalline molecular ordering. The optical beam
intensity of 100 W/cm which to easy of access from a cw
argon laser is often sufficient to induce a significant

reorientation of the molecular alignment, leading to an

avarage refractive index change as large as 0.01 to 0.1 181.
Many plane-wave, all-optical phenomena which depend on

an Intensity-dependent refractive index were demonstrated
using LC as a nonlinear medium. Recently. LCe were proved to
be useful for studing nonlinear effects in waveguides. The
slow response of LCs. except for ferroelectric LWe, is not
optimistic from the practical point of view. However. it
makes transient studies of thi nonlinear effects quite easw
and provides some now data to these nonlinear optical
phenom.na.



In this paper we report observation of the intrinsic
optical bistability In a thin-film waveguide with nonlinear
prism Coupling. The gap between the glass (i) input
coupler and the glass planer waveguide (n.p-1.53 and
n.-l.5O. both <n, ) was filled with the nematic liquid crystal
PCB (also known as 5CE or K15) with Its clearing point above
the room temperature MT-350) . The experiment involved
!Measurement of the guided wave power transmitted through the
waveguide and radiated via the linear prim out-coupler vs
the power Incident on the nonlinear input coupler. A 1.6 W
argon ion laser (X.-488 rn) was used to induce nonlinear
change In the refractive index of PCB given by rW-naI. where
nr-10-3 cmF/V (91 and I Is the local field Intensity. The
power coupled to the vaveguide without the LC between the
input coupler to the waveguide was found to be linear with
the incident power. In the presence of the LC in the gap the
transmitted intensity is not linear any more with the input
intensity and under certain conditions reveals bistability.
It was shown theoretically [101, that bistability may occur
for angles of incidence that are slightly bigger than the
angle for which the maximum coupling takes place in the
linear approximation. Magnitude of the difference 'between
both angle values influences the threshold power density for
which bistability should occur. The time interval between the
measurements was chosen to be long relative to the relaxation
time associated with the nonlinearity. The optical
bistability was observed for both TE and IM cases.

(11 N.N.Gibbs, "Optical Bistability: Controlling Light with
Light", Academic Press, London 1985.
(21 G.I.Steveman. IEEE J.Quantwa Electron.QE-16(l0),1610
(1982) .
(31 6.I.Stegeman, C.I.Seaton, J.Appl.Phys.a, R57 (1985).
(4) H.Vach, G.I.Stegeman, C.T.Seaton. and l.C.Khoo, Opt. Lett.
2, 238 (1984).

[5J J.D.Valera, C.T.Seaton, G.I.Stegeman. R.L.Shoemaker.
Xu Kai, and C.Liao , APpl.Phys.Lett. _d% 1013 (1984).
(61 J.D.Valera, D. 9vensson, C.T.Oeaton. and G.I.Stegeman,
Appl.Phys.Lett. !M,573 (1906).
(7) 7.Lederer. U.Langbein. H.-E.Ponath. Appl.Phys.B Uj,69
(1903).
(01 I.C.Khoo and Y.R.Shen. Opt.Engin. 2.579 (1985).
(91 3.1E.Arakolian and J.S.Chilingarian. "Nonlinear optics of
liquid crystals" (in Russian), Nauka, Moscow 1984.
1101 V.J.Yontemayor. R.T.Deck, J.Opt.Soc.Asm. B 1.12118
(1906).
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IOptical Interconnections for WSI

Abstract Integrated optics may be an alternative to metallic
Interconnection lines in very large and fast circuits. A silicon
based technology is described and expected performances are
estimated.

As optical waveguides are free of capacitive effects, they can transmit
signals with very low degradations. Meanwhile, the trend of
microelectronic circuits Is to increase in size and to work at higher
frequencies. Forecasts are that metallic lines will not provide satisfying
interconnections In the future.

We are studying If optical interconnections are likely to replace on-chip
electronic ones. We investigate therefore the feasability of a
monolithically integrated optoelectronic circuit which would consist of
conventlonnally integrated microelectronic components on the top of which
an optical circuit would provide Interconnections between remote sites[l1], [21.

In our scheme, each connection would require the following devices: a laser
diode, a laser driver, a wavegulde, an optoelectronic coupler and a
photodiode. Optical elements such as beam splitters, mirrors, Y-junctions
are also necessary In order to achieve fan-out.

Some of the Items remain theoretical In this preliminary work.

The laser driver and the photodlode would be integrated with the
electronic circuit, possibly by means of process steps that belong anyway
to the microelectroric fabrication technology. These two elements are only
considered on a semi-empIrical basis in the stuty we hem ~dertake.

The lam diode would have to be hybridized As silicon has a high thermal
Conductlvlty, it may work as a good heat Ift. We assume that the
lyriditatton is achlevable although the reliability of It Will have to be
inve-tIgeftd later o



We have focused our efforts on the following subjects.

The waveguide material is silica The guiding layer Is slightly doped which
results In a refractive Index Increase. The deposition of this waveguide
structure is a low temperature process which would take place after all
the microelectronic fabrication steps.

In order to check the compatibility of the two technologies, we will
however make the experiment of depositing the optical structure on a
microelectronic circuit and observing.the alterations that may be
introduced, The microelectronic circuit is an adder which works at
frequencies around 350 MHz. Results of this experiment will be available
by the time of the conference.

The optoelectronic coupler is a grating that deflects the light selectively
towards the substrate, i.e. the photodlode. It Is fabricated simultaneously
with the other optical devices which are needed for the division of the
optical signal (beam-splitter, mirror, Y-junction). The performances of
these devices when fabricated In a silica wavegulde structure will be
discussed.

Beside these experimental results, the emphasis will be put on the way all
of the above mentionned Items are Interrelated.

Il S. Valette, J.P. Jadot, P. Gidon, S. Renard
New integrated optics structure on silicon substrate: application to
optical communication and optical interconnects
SPIE 862, Cannes, Nov. 86

(21 SValette, J.P. JKot, P. Gi4on, A Kevork-an
I " edOpUMc ind mcreltMnlM c towrds an integration on a
S, ,le Silic hi pf,-
SPIE 82, Cannes, Nov. 86
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Q"Sn=RU MR OKMiAL IPLEMWNATION OF THE PERFECT SHUFFLE

A. A. Sawchuk and L Glae

Signal ad Image Processing Insfitute, Univerit of Southern California, MC-0272
Los Ample.. CA 900M-0272. USA

Tbs pofict ahdit (PS) is wail l~wu as a useful building block for complex comiputing andj
co Wado-swlciting networks Il. LAghiwve wmbohuoo offers potentially higher temporal band-

Ond dw oeica and optical sAgnal carrykag rays can mnaesec wit minimal interaction and cro-
sulk.Thu nd ote M asidena led to imsed -ners in optica ntworks both for commu non
and prale =ads&in Various plan a emetris for %*tIa PS haft been prsmantd recently (2). Most
of Ohw ianplmamdowe however, do noo usete three dinmional volume charatistics of free space
epsis4a hetoalmanbeaofcamumlatiom unethey cotuldandleis qutelimited. Oneattempt to
overcovas this Problem involves te use of a separable multi-dimensional version of the PS. Here the
input is a 2-D arvar. line. then columns, are shuffle using the Il-D PS algorithm. This approach can

ICmplmn simhar tas as the standard PS (with an l-D input arrmy), yet handle many mare inpus [3.4).
Another approach is to fold a long l-D iput ay into a 2-D one that has the same number of elements.
An Optcal implaeetaiosof dis foldedS was recently demoostted [5.

ddla

T-I

PJ~~~w 4; 13.lum o oeotclimlmeaim fsa1s ef:atotve fa x -perfct horn; ~g~r~ sie vew o a S ce1 3shfi4

We to othth 2D np*S ndthefoie lD ipu P cn b Iplmenedwih vey imla

Pp :lgs Ra diaws for e soe oa2Dptic mal iemtswd rm on a font laviewa ofhanne8s.2lD

Webold dot ods Oay 2a4h btPS ema e tha dinu PSe cuan bfte total sasn wmithroagha sinler
owa. th Oq pdut we chan wit lar lifs all thea in thew sya~ pmd sbuog or e mayou

ata mk M.f ana l ~O T specllr de w -A oco as i thorl$es in ax p t$mae rsuglt.M systm

k a to ib SWMId PS. (as pracisaoile O a2-uf). Sm geau mwomk based on a
[s s 41 wam p2, can be dm IQ Sqjoe 6K a giesm iwagu, N, qimtleg t Ie at



A. A. S§Wdkand LGlam

hIpe ed111, ON be6 faCWd his two b"Ma Se 11M unity such 69 N -pq. N doe label x of the N
inu Ems demoled by Mlenu ranging from 0 to M-1. the p-sda eforms the mapping am~

toutput lMaes, whor L ...I Je e dhe larges intege doa is less than or equal to t argument. We note
tha fth lava.. p-siaufiea ise q-slaffle. These geneaued shuffles am useful for certai parallel coun-
puling proleams (4) ad can be opticaly laplnzed with a class of systems similar to the; one depicted
in fth eig put of Figure 1. In tha example we see a systm for implementing an Il-D 3-shuffle of a 15
ameot vector, =WSn Urne 1me.

Opdeal *d stsg con be cascaded with photosic switching modules to make a dynamic inteionec-
ift UK"*es simM.b fbr plsafli Sopting systems. A 3-D example of such a netwoik is the Omega net-
wok vk whc e ba olfu W fflis an a 2-D assa interlaced with an =mry of 4x4 crossbar switching
moihiss. ft 4se4 swlwbmg module is a ono-one crosbar interconnection that connects a 2x2 group
of Iue IV ft oris sope 0 a 24Q group of binut lines to t next stage. These modules may be imple-
matted wit phododiodes, IED ad -An electrondc 4 element crossba. We shall experimentaily demon-
softe the optical perfect shuffl and 3-shuffle on 2-D input arrays.

CONCLUSIONS

Paedc shtuffles and p-shuffle networks are usefu for interonnectin 2-D planes of parallel processing
elements in signal or image processing applications; many structured functions such as transforms can be
lnplunmmtd directly. We shall descrbe some of these applications along with other optical extensions of
Omega, and shuffle, exchange networks.

TM research is spported by DARPA/ARO Contract, No. DAAG29-4-K-0066.
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Sumary

An analysis of previously proposed architectures for optical

interconnection networks based on holograms and spatial light

modulators (SUI's) has been performed. The results of that

analysis (the details will be reported elsewhere) reveal that am

the number of interconnections in the network approaches 1012,

almost insurmountable technical difficulties are encountered.I

These include diffraction originated crosstalk, coherent noise,

optical aberrations and, probably the most severe of all, the

angular and polarization sensitivity of SL's.

In this presentation we outline the above mentioned practical

difficulties and propose new architectures to eliminate many of

them. The basic architecture is presented in Fig. 1: A laser

diode array, WA, of N x N elements illuminates an N x N hologram

array. The power emitted by the ij-th diode is aij and it

illuminates the ij-th hologram. This hologram transmits light to

the various elements, kl, of an N x N detector array, D. If the

diffraction efficiency of the hologram towards this kl-th element

is Tiikl, then the total power detecte. d by this detector is,

bkl -Z aijTijkl

ij1



This system may be viwed either as a matrix-matrix multiplier of
a 4-D matrix (or tensor) by a 2-D matrix or as a vector-matrix

multiplier with vectors of N x N dimensions. Alternatively, this

system can be considered as an interconnection network with N2

channels and N4 weighted interconnections that are "hardwired"

for a given hologram array.

Nany of the practical problems encountered in previous

architectures are absent here. Unfortunately, large laser arrays

are not yet available but one can still implement an interim

version of this architecture by using a single laser that

illuminates an SLM, to simulate the diode array.

LDA D

' v i. 1. Laser diode array (WDA) illuminates hologram array (H)

-o" with output vector dtectd at detetor array, D. ".

01 00 0.-0.
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Pinhole Imaging Hologram For Optical Interconnects
Shenchu Xu, Kaveh Bazargan, Geraldo Mendes and J C Dainty

Optics Secuion, Blacbmtt Labwry, Impeal College. London SW7 2BZ

To date, any kind of hologram recorded simultaneously for optical interconnects consists of
main gratings and intesmodulation gratmngs. But intermodulation gratings affect the image quality
ad the efficiency [1,2].

In this paper we use pinhole imaging hologram s a new kind of hologram which can be used

for optical interconnectL The object beams pass through the pinhole to construct their image waves
on the holographic plate. The image waves interfere with the reference beam. Anywhere the image
wave incident to the holographic plate can be considered as a quasi-plane wave, so the phase
volume hologram we have made only consists of main gratings. The effects of intermodulation
gratings are avoided, because there are no intermodulation gratings.

This hologram brings following potential advantages to optical interconnects:
1. High signal-to-noise ratio,because there is no scattering from any intermodulation grating.
2. High efficiency. Because there ame no intermodulation gratings, we can choose the optimum

reference-to-object beam ratio to get optimum efficiency of the reconstructed image.
3. The resolution of reconstructed image can be maintained by choosing the suitable pinhole size

and the distance between the reconstructed image and the pinhole.
4. Multi-facet hologram can be obtained by using a pinhole array. The arrangement of the images

from the objects can be controled by operating the pinhole array. By controlling the number and
position of the pinholes die intensity of the reconstructed image can be optimized. When
reconstructing, all of the pinholes can be taken away without loss of quality.

5. Using pinhole imaging technique we can get very high image density [3], i.e. we can make
interconnect elements smaller than the ordinary one.

6. If we only use a small number of pinholes, we can realize the interconnection by without using
all the free space between the hologram and the reconstructed image. Light beams travelling
ftn one place to another only need one or a few pinholes to pass through the other layer. This
flexibility may be useful for inserting additional elements e.g. spatial light modulators (SLM).

Relevant experimental results on resolution, signal to noise ratio and eficiency for this hologram

will be presented in the paper.

1.,J. Upatnieks and C. Leonard,. JOSA 60,297 (1970)
2. R. K. Koak, W. Goodman, L Hessebak, Appl. Opt. 25, 4362 (1986)
3. C P. Coren ad L. Tremblay, AppLOp. 21, 4300(1982)

137,

-7,



RWaft POCIII in COMUIC NU1dGRApEy

.?. DW22Imlt, J.P. LIKFOINAE, 6.¥. 11I3T
0ole Ntionale hp6tiere des T616eOnMIcations, Paris (France)

D. CUAI M, Comescopics.
D. PSALTIS, California Institute of Technology, Pasadena, CA (Usk).

Development of cooscopic holographic cameras and associated pro-
cestng facilities for 3-D vision applications in described.
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Abstract: Heterodyne interferometry provides a fast and

accurate means of computing surface features by using

irradiance moments.

An optical/digital processor is described to analyze

reflective surfaces. The low-order irradiance moments are

shown to be useful for the fast inspection of objects such as

mechanical parts. The system consists of a Mach-Zehnder

interferometer including a piezoelectric transducer, a Fourier

transforming lens, a CCD detector arrays, and a microcomputer.

This system measures the power spectrum of the interference

pattern, and computes successives derivates of the Fourier

transform, at the Fourier plane origin. To calculate the real

and imaginary parts of the intensity distribution at the

Fourier plane a PZT transducer is stepped four times, each

step corresponding to 45" in phase difference between the

object and the reference beams. At each step, the Fourier

transform of the Interferogrem is recorded by a 512x512 CCD

oamera and stored iv a microcomputer. These data are used to
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compute the real and imaginary parts of the object Fourier

spectrum, then the successive derivatives, and finally, the

object moments. The moments measurement accuracy is

investigated. As an example the method has been applied to the

measurement of topographic characteristics of flat surfaces.
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Generalized Falling-Raster/Folded-Spectrum Relationship

David N. Sitter and William T. Rhodes
School of Electrical Engineering
Georgia Institute of Technology

Atlanta, Georgia 30332-0250

The wll-known falling-raster/folded-spectruin relationship [1,2] allows the full two-
dimensionra (2-D) parallel processing capabilities of a coherent optical spectrum analyzer
to be applied to the spectrum analysis of time waveforms of extremely large (-10) time-
bandwidth product. The basic relationship has been exploited with considerable success in
space-integrating, time-integrating, and hybrid space- and time-integrating optical
processors. We show here that the conventional falling-rasterlfolded-spectrum
relationship is a special case of a more general mapping of a 1-D signal and its spectrum
into two dimensions. This generalized relationship can also be exploited for optical
implementation.

The conventional failing raster recording format is shown in Fig. 1. The numbers
indicate the order in which the lines are recorded. The fall angle 9 is given by 0 -
tan'(H/NW), where N is the number of raster lines and W and H are thc raster width and
height, identified in the figure.

The generalized falling raster is obtained by allowing the fall angle to assume
values given by Ml

B= tan ( ), (1)

where M and N are relatively prime integers. A total of M+N-1 raster lines is
recorded in a raster of width W and height H. As illustrated in the example of Fig. 2,
the raster record is laid down modulo-W in the horizontal direction and modulo-H in the
vertical direction. Thus, if the raster line disappears at the right margin it reappears
at the left; if it disappears at the bottom it reappears at the top. The conventional
falling raster corresponds to the case where M-1.

The generalized raster record of a 1-D finite-duration signal f(x) can be modeled
analytically by

f.(x,y) - {([Rof(x)8(y)} ** W-H.-or , ,)] rect(-,HX)} * s(x,y), (2)

where R{ is an operator that rotates its argument clockwise through the angle 0,
comb(x,y) is the Dirac comb function, rect(x,y) is the unit 2-D rectangle function, and
*- denotes 2-D convolution. The entirety of the signal f(x) is assumed to be contained in
the raster record, requiring that f(x) have support not exceeding

L - [(MH? + (NW)2]'. (3)

Fourier transforming Eq. (2) gives the spectrum of the raster record:

F..(x,y) - {([Ro{F(u)l(v))WHomb(Wu,Hv)]**sinc(Wu,Hv))S(uv), (4)

where 1(v)-I. The spectral distribution F(u)l(v) is rotated through the fall angle 0, and

... ,the rotated distribution is sampled at points separated by I/W in the u-direction and 11I i
:%. A -



in the v-direcion. The sampls we blurred by the sine Luncton, and the resulting
ditbution is ten weighted by S(u,v), the transform of the recording spot spread
function. Using qps. (1) and (3) it can be shown that thw (m,n)M sample, measured at
coordinates (n/W H), ha strength proportional to F1(mN-ndM Lj. Sin L is the signal
duration, thes samples satifdy the Nyquist criterion and ae sufficiet to fully
characterize t spectrum of f(x). Blurring by the sinc function smears spectral data
between samples, but not at the samples. Thus, if spectral measurements are taken at the
sample iocations, accurate results can be obtained. IlU caventional falling rast
presents a spea l came, for then low crotalk spectral neurements can be made
accurately aon Mw (the so-called fine-freqency lin).

References

I. C. F. Thomas, Optical Spectrum Analysis of Larg Space-Bandwidth Signals." AppI.
Opt. 5 (1%6) 1782-1790.

2. William T. Rhodes, "Me Falling Raster in Optical Signal Processing," in
Trovfmador in Optical Signal Procesing, W. T. Rhodes, J. R. Fienup, and B. E.
A. Saleh, eds. (Proc. SPIE, vol. 373, Bellingham, Washington, 1981), pp. 11-19.
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Optical Realization of Parity Function and its Application

king Hsien Wu

Haametsu Corporation
36(Q Foothill Road
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USA

Tel: 201-231-0960

SUMMARY:

A parity function is a special class of the Aymetric Boolean
functions, which deserves a special attention due to its unique
algebraic properties and the resuting interesting and useful
applications.

The main purpose of this paper is to present and discuss the
basic principle and requirement, and various methods for
implementing this function , then present some new optical
configurations as examples of applications dsing the proposed
approaches.

The parity function in its simplest form is an Exclusive-OR
function or its camplementation. However, a mere realization
of a single stage/level Exclusive-OR logic does not generally
serve a very'useful or practical purpose. A realization of
an algorithm with multiple parity operations is needed in
practical applications. This means that at least restoration
or better yet, amplification of logic levels is essential for
caacadability and multilevel operations. This also sets
constraint to the fan-in and fan-out requirements fbr a" device
under consideration in order to optimize design and configuration.

Translating the basic requirements into hardwares necessitates
an optical (2-Dimensional) device with proper transfer characteris-

-tics for nonlinearity, spectral match and optical gain in order to
carry out the optical implementation. It should be noted that
the algorithm is based on the single-rail input logic scheme.

Although the. parity function is not lineary seperable, it
can be synthesized with linearly separable functions through
dualization and inversion of a function or functions in question.

Thus an optical device with additional capability of dualizing
a linearly seperable function can be utilized for simplification
of architectures.



(Optical Realization of Pairity Function and its Application)

M. H. Wu

Based on above analyses and detailed discussions in this paper
several architectures for the basic optical parallel full adder and
subtrector,a combined processor, and the parity generator and checker
are presented and discussed, as exuaples of applications.

Finally, its implications to other applications such as to
pattern identification and error detection and correction coding
are comented.
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LAU EFFECT AND BINARY LOGIC

P. Andr6s, J. Ojeda-Castafieda*, and J.C. Barreiro

Departammto do Opt.ca. Lbiveraidad de VaUncia. 46100 Burjaaot. Spain.

*JJA09 Apartado Postat 51. 72000 PuebZa, Pue. Mex ico.

Loic operations are the basis for digital optical computing. In

this communication the spatial filtering properties of the Lau experiment

at Fresnel distances are used to perform binary logic operations by inco-

herent optical spatial filtering. In this way, a lensless version of a

binary logic processor working under incoherent Illumination is presented.
The Lau effect is a well-known interference phenomenon after rein-

troduction by Lohmann. In the present version of the Lau experiment, mono-

chromatic light from an extended incoherent light source passes through

two parallel periodic structures spaced by a distance z. We can observe

fringe patterns of high contrast in specific planes behind this double

grating configuration, if a consonance condition between the distance z

and the spatial periods of both l-D gratings is fulfilled. In fact, the

first grating acts as a spatially incoherent, codified source whereas the

second one is the object grating.

A theta-modulated image is prepared independently for each input

object, in order to perform binary logic operations. In this nonlinear

preprocessing operation, each binary level of both input functions is en-

coded by a single grating structure that can be a simple square-wave gra-

ting. The encoding gratings have the same spatial frequency. They also have

different orientations in that both gratings connected with the same logical

value are mutually perpendicular, and the binary levels of each object are

encoded by two gratings rotated by an angle a from each other.

For logical processing, we substitute the object grating in the Lau

experiment by the multiplication of both theta-modulated images. When the
angle a is suitably chosen, the selection of any particular logic operation

is achieved by a specific codified source. For that purpose, we employ as

incoherent source either a single l-D grating with different orientations

or the product of two of them, which is illuminated incoherently. In this

q AAI



way, any of the 16 binary logic operations can be obtained. In the output
plane, i.e. in any Lau pattern plane at finite distance, the logical values
0 and 1 are encoded as a uniform background and clear Lau fringes, respec-
tively.

The present binary logic processor is quite compact and performs in
parallel any binary logic operation with a high signal to noise ratio (inco-
herent illumination). Moreover, with a similar principle we can use pure
phase gratings in the theta modulation encoding process. In this manner we
implement a logic processor with high light throughput too.

One of the authors (W.C. B.) was supported in this work by the Con-
selleria de Cultura, Educac16n y Ciencia de la Generalidad Valenciana, Spain.
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Dega f Dmmn Otng i f Optica Symbolic Sbstitut t

Joeph N. Mait
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Symbolic substiution is a method for manipmlating binary data that depends on both the value of the

dm aW its hilial locadm *realize logical orperadio [1,2]. A substitution system requires only a pattern

recognizer, a oaunear device, and a pattern scriber. Te operation of both the recognition and scribing

subsystems is based on the replication of an input object to produce several output images; the replicated

images are then ovelyt.

For optical implementation of symbolic substitution the recognizer mid scriber systems can be

constcted using classical and holographic optical elements; single-chanel and dual-channel systems

have been proposed (3]. In a single-cbaznel system hlographic elements are used either to replicate an

input o*ect or combine several shifted images. The holgraphic elements in a dual-channel system perform

both replcatio and translation.

For single-chaswe systes,, it is possible to design binary-phase gratings [4), referred to herein as

Dammana gratings, to be used as both splitters and combiners [5,6. Dammann's method assumes a

symmetric display of the replicated images and detrmines the locations of phase changes based on the

number of desired rpicas. A modification to Danamn's method of design allows for an asymmetric

display [33. The method requires a dual-channel system, i.e., an inierferometer, but the asymmetry

provides simultaneous replication and translation.

An ineeromst ci system has been constructed and binary-amplitude gratings designed and

fabricated accordin t the modified method of Dammann. Preliminary results indicate moderat

perfornm ce of th systm.

1. KAL Itemr, A. iHag and N. Sueibl APPL Opt. 2S, 3053 (19M6).

3. J. IV NO w LA .l. 1t1, Apl. Opt. 27, xxx (196).
4. M aDMWW hI KOpt. AG24,41M9(WM
S. L .ku JLt #IN*. K K Dww, SJ. WAs, aid N. , J. Opt Sag. Am. A 4(13), PI (1987
r. W. B. V odlmp 3. Lqir, md G. J. Swnsea, OPt. Lt. 11, 303 (1964
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SVNBOLIC SUBITTIOUING SADW-CASTIN

Wei Lee, Li-Xae thm, Qiawmg n no ald Chune-Fri Li

D fepartment of Applied 0hySics, Harbin Institute of Technology.

Harbin, the Peoples Republic or china)

A itew implementation of digital optical computing catted symbolic substitution has been
introduced by RuNg Mn deveoped further by Bremner et at. fl) 12) We have discussed the generic
procedure of symbolic substitution. 131 N4ow the systems which complete symsbolic substitution
consisting of many prism, mirrors and tenses are more complex, so it is necessary to seek
simpler Systems.

Shadow--casting which was first proposed by Tanida ued ichiokald] is a method of
implementing optical parallel pattern logic and optical computing. So we propose that symbolic
substitution be completed by shadow--casting.

According to the conclusion in 131,, the symbolic substitution of pattern (see Fig.l.)
consisting of four cells requires four translational overlapping images of input image. These
can be dome by the lensless shadow-casting system. Because the sbadow-casling system can not
be cascaded, it is necessary to add a sequential logic gates array and a record set. Sequential
logic late has double function, memory andl logical operation. A record set is used in order to
record the results after recognition. The recognition and substitution phase are illustrated in
Fig.2. In substitution phase, the input, middte screen, mask, and logic array are removed. The
result recorded after recognition is taken as an input, making use of the shadow--casting
system once more, we obtain the substitution resutt on the output screen.

A LEDdtight-emittimg diode) array consisting of four LED's is used as a light source.
Divergent light hemss radiating from the LED's illuminate the input plane and project multiple
shadowgrams (multi-imagies) of input onto the middle screen. Choosing the spacing between the
LED's and distances from the source plane to lte input plane and from input plane to the middle
screen properly, we can make shadowgram of input projected by the individual LED's he
superposed an the middle screen, shifting one another by an mount of one cell size along the
vertical W horiuontal directions, the nmers and location of the multiple images is
controlled by the cmbndiation of the spatial position of the LED's swi tched to the one slate, so
the on-off state of the LED's depends on the structure of recognition and substitution
patterns. Each cell in pattlerns only have two state, %titemtransparent) or hlack(apaque). We
take the while cell as logic wne ail the black cell as logic zero. we define that the
superposition operation of cells is togical ND in recognition and logical OR in substitution.

Is have adh a experiment to confirm the system above. A binary image in Fig.3. is used as
the imat, we nail to recognize the pattern in Fig. 1(a) from the input and substitute the
patterm is Fig. 1(b) for the pattern in Fig. 1(a). Fig. 4. shows the experimental result.

REiEIMM
III A.humg, *Parallel' Algorithms for Optical Digital Computers' . in Technical Digest, IEE
tenth latletlanal Optical Compting Conference, (1913), PP13-i7.
(21 Krakinr, A.NUm% and N.Streit, offigital Optical C40uting with Symbolic Substitution"
APPl.Opl. 25. 18,(lW).

*e-~ ~13] WIwed J.hng, -The C.on Procedure of symbolic substitution' , Techntical
Vt$gnt# latermatiomnl Topic Nuetia* en Optical lisablily, Instability and Optical compting,
bils Chiam. Aqust 24-M9 191.
IjJ.Tae~d ad Y.ichloka, "Optical Logical, Array Processor Using Sbadowgrnms,

I"' i.Opt.50.A 72.1. (19111).
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Optical Neural Networks

-System and Device Technologies-j

Kazuo Kyuma and Takashi Nakayamia

Cenfpral Research Laboratory,

Mitsubishi Electric Corporation,

8-1-1 Tsukaguchi-Nonmachi ,Aagasaki -city,

Hyogo,66I ,Japan

Abstract

Optical computing technologies based on the neural networks

are reviewed. Several optical devices required f or

implementing these systems are also discussed.
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"A Compact OptoelectronLc ConnectionLst Mach ine"

KrlstLna H. Johnson. Lise Cotter,
Ling Zhang, and Jack Signer
Center for Optoelectronic Computing Systems
University of Colorado
Boulder, Colorado 80309-0425

r Abtract

In this paper we describe the design and construction of a compact multi-
layer optoelectronic architecture which uses the backpropagation of error
learning rule. The phase I machine is a sandwich consisting of alternate
layers of two-dimensional ferroelectric liquid crystal (FLC) and nematic
liquid crystal television (LCTV) spatial light modulators. The FLC's
comprise the input, hidden, and output layers; while two nematic LCTV's
represent the weight matrix layers. This machine has 32 processing units,
each unit is .800 m x 25 sm. The connection matrix cells are .8 x .8 om
in size. The processing units are connected optically, and the backpropagation
learning rule is implemented electronically.

A phase 11 machine will be described which performs weight adaptation
optically. Signal-to-noise considerations limit the size of connectionist
networks using spatial light modulators for storing discrete weights.

We also present computer simulations of system performance with real device

characteristics, showing the origin of these limitations.
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FREQUENCY MULTIPLEXED RASTER
AND NEURAL NETWORKS
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Grou Op.iq, 46 r wrmd, 75634 PARIS cede 13 FRANCE

In the first part of this paper we will present Frequency Multi-
plexed Raster (FMR) optical implementation of neural networks. A hidden
difficulty for hardware (optical and electronic) implementation is the
dimension of the synaptic matrix which is twice the dimension of the
input and output matrices or vectors. For two-dimensional images, which
is we believe one of the greatest potentialities of neural networks, the
synaptic matrix is 4D and cannot be directly implemented in optics.

We propose Frequency Multiplexed Raster (FMR) as a method
to fold this matrix in a two-dimensional format. We will show that the
FMR scheme induce invariances in the neural network system.

In the second part of this paper we will describe the system
built in our laboratory showing the feasability of FMR optical neural net-
works. The system is built from an optical input module, a fixed synaptic
matrix coded on a transparency, a CCD camera and a micro-computer
which perform the thresholding and feedback operations. In a later stage
the fixed matrix will be replaced by a programmable matrix, we will show
experimental results and will discuss foreseable capacity of this technology
and possible applications of this system.

I
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Experimental1 studies on Adaptive Optical associative memory
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Industrial Produacts llesearob institute
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Introduction perimental results of the learning operation are
Ilecently, there are growing interests In newly shown.

studying various models of neural network for op-
tical cowiting. These models are capable of per- Theory
forming massively parallel computing such as The architecture proposed In this paper is

Image processslng. simulations of partial dif- called OPTICAL ASSOCIATRO. The main purpose of

ferential equations and combinational network the OPTICAL ASSOCIATIWOf is to realize analog and

problm In particular, the architectures based adaptive processing for optical associative

on the models Of assoiative memory for optical memory. In principle. It uses autoassoCIative

computing are potentially realizable In practice, operation similar to Nlakano's Associatron2 and

Thberefore, many architectures based on the opti- the orthogonal recollection methods proposed by

cal associative memory have been proposed. KohoneR3 for a stralghtfoward implementation of

However, there are very few experimental data for simple associative memory. These methods have

the proposed architectures. Especially In the been properly modified in order to represent the

area concerning the performance of learning, a pattern Information suitable for the optical sys-

proper experimental study is needed. tea and compatible with the method for orthogonal

In thlaepamr, a..aw-.architectare of neural learning. As a result, optical operations In the

network for optical computing Is proposed. It can OPTICAL ASSOCIAIM can he expanded to a class of

be used for Implementing a simple system of as- operation readily realizable by optical devices.

sociative memory based on one of the modified

theories of the associative memory. It Is shown Experimental sy'stem

that the memorized patterns can be recalled per- An experimental electrical and optical

fectly by an experimental system using two hybrid System Using two HEsIJS an electronic

Nicrothamel Spatial Light Nodulatorst (NL5Us). processing unit and a compet r Is un.. In Fig. L

The system and its basic experimental results of This system demonstrates for 4X4 elements of

the reicalling sad learning operatios are also input/outpvt patterns and 16x16 elements of
described ad dins"d Especially. vaious wt- -,m mtrix NU I meoizes a miery matri
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I . EU 2 perform a real-time readout executing by the system as Illustrated in Fig.2 as an ex-
liadanard product with II I L he comuter calcu- ample.
lates the term of learning operation fro, a ten- ~u i-
porary recalled pattern and a learning Input pat- Q- aOpil
term~ then displays the results on LIM array 1 for ls
the modification of memory matrix. The computer
also controls the recalling and learning opera- ~ 7
tions of the system. It is shown that the fea-
taares of analog processing and feedback process-
lng for optimal and adaptive learning are in- - eoymls '

herently Important for the optical processing.

1.-Ne Les? InputMemorized patterns utu
fles MLK S t-aa tmesie Pig2 An example of the orthaosal learn-

Igby the adatIve method for a
sonothao"I astpattrmlsuch as

the characters 'A. '*, and 'C.
INF-i@I Proossoase matt

Conclusion
Fig. 1 Schematic diagram of experimental In this paper. a modified theory of OPTICAL

OPrICAL ASSOIAROM
ASSOCIATION and an architecture for an experimen-

tal system are presented. The various results of
Experimental results the learning operation of the experimental system

From the experimental system, the basic ex-- are described and discussed. The results indicate
primental results of the recalling and learning that an adaptive learning method plays an impor-
pocess have been already obtained 4. The various tant role for optical analog processing including

eprmnsof the learning operation are real- a neural network system.
1eperimetsLLaAsTe.efc recollections

aeobtained by using the anr~log processing References
capability of the NUi and the recursive feedback 1. Tsutomu Kara, Yoshiharu Ool, Takahito Kato.
method for the lemaming process. By cordinating and YoshiJl Suzuki, Proc. SPIE. Mf. 153
all thes functions. the system Can operate adap- (1986)
tively even under the necessity of compensation 2. L Nakano, IREE Trans. Syst. Man. Cybern.
for noise Including the shading, and for the or- SI-. 380 (1972)
thogomlization for the mutually Interfered pat- 3. T. Kohonen, Self-Organization and Associative
terjs. These features including the system Per- Memory (Springer-Verlag kew York. 1964
fosiance related to a learn ing methods and a 4. N. Ishikawa, XI. uktohuaka. L.Toyoda, and
learning parameters are emperimentailly evaluated Y. Suz*dc, Appl. Opt. : to be publ ished
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New Optical Neural System Architectures and Applications

Etienne Barnard and David Casasent

Carnegie Mellon University
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Pittsburgh, PA 15213 USA

Abstract

Optical neural networks for multi-target tracking, inference processors, imaging

spectrometer data and matrix inversion are described, and initial results arc presented.

Summary

Optical neural processors have been described that realize various neural models. We

consider four specific applications o optical neural processors that address different

optimization problems. The first problem considered is multi-target tracking. The

resultant energy function is minimized when the distance measurements are grouped into

acceptable tracks. This has a cubic energy term and thus a simple matrix-vector

processor alone does not suffice. A new optical processor results (this is described and its

implementation with bistable devices and ferroelectric liquid crystals is discussed). The

second problem considered is an optical neural network to realize an inference processor.

The case study chosen is the guidance and control or a mobile robot. For this application,

a matrix-vector processor with a fixed matrix mask (set of interconnections) suffices. The

parallelism provided by the neural net makes it much faster than conventional sequential

expert systems. The third case study is the analysis of imaging spectrometer data to

determine the basic elements (minerals) comprising the compounds present in each

spatially resolved region of an input image from the measured spectra. A different neural

network results for this ease and initial data results are provided on the ability of this



] network to provide analysis of mistral compound mixtures in ecb region of the input

II

sceone. Finally, we study matrix inversion with neural acts. It is shown that the

! appropriate eergty function leads to as efficient optical architecture, using a multi-

chbannel awon"toptic device. This solution avoids some of the problems of other optical

matrix processors, especially cumulative error build-up.



J: - U.au I A. "el poft~l %s Poetlt fee mthod ti

- 5. : Ca t 81 a ~dt Optical 000stW Gain Mainl

J .C.W ~.. LMin!. P.Rt. Sawa "a O.L fun
A tL m wa ovetes vtioml etue proessor.

" S



Symboilc Bubitituticm Methods for Optical Computing

)L J. Mdwca nd A. Huang
AT&T BeR Labecatoem 40438

Cmwfid Comm Road
HobandoI, Now Jersey 07733

Abstract
Symbolic eabstltutle. is a method of computing based as paralle binary pattern replaconeat,

a" cs be hmpleimntd with dmple optical camwoveaif and fees-space interconnects.

I Discussion
Symbolic substiooa 111 is a nmed of computing based as pattern replacement. A two-dimensional
patiosn is searched far in parallel in an war and is replaced with another pattern. Parallel pattern
trasfoirmation rule can be applied aequentialy or In parallel to realms complex functions. When the
substitution space is modified to be IogM-coinsectied ixr N binary spots and fixed masus are allowed to
mitisbes the qsysa, thm optical digital circuits based on symbolic substitution can be made nearly as
efdeatk hn team of sa cont and circuit depth an any othe interconnection method would allow. We

desrib anoptca seup hatreqirsno more than & fAmin and anout of two fromn optically nonlinear
logi dvie and wsea breepces an h interoamnactiam medium.

An example at symbolic substitution is shown in Fre 1. Tbe pattern being searched for is called
the k.4 hand n6d %UN) of the trusfoenuatian rule and the pattern that replaces the LHS is called the
rigk* kend aide (R"8 of the trasmasion rule. In Figure I the LITS of the rule is satisfied at two
locations, so the URS is writte, at those locations Any bite that do not contribute to a LIS pattern
disapper oar the rule Is p&PLed Tiisation rules can ha customised to perform specific functions
such a addition 11), twaing machines (21 and pachet switching which is described here.

A sinple optical setup tha makes sa of way-scale split/shift/combine operations is shown in
Figure 2a. The operations at ach stage can be described by two symbolic substitution ruler as shown
in Figure 3. A rule can be preveated from kiing at a selected location by setting appropriate situ on
the modks to ha opaque. If a prim grating and a tmor is added to ecb stage to implement one stag
of a crsver network (3) (Figure 2b) thea, a preat amount of connection complexity can be achieved
at the expens of a snal amout of hardware Propertis of 1692N networits can then be used in the
design of optical digital circuits (4).

An example of a circuit dealped Wit this approach is shown in Figure 4. In the left side of this
dipomit nietwo dxt m Ihs eh ndub4ed Ightd connection levels with III switching components
(the Up sa, In met iodaded b the cal). Named connections are ume" oft. The electronic
olus" ing hVLE is &veenh twe LUs LS pl m etation wn1 wh ihin omponents

whiasam-ut I-by athom of two, Pit the free-space approach aptiesl pathleg an be
adk equal witi a I Ie of a few fereseonda so that dafta can be pipallesd at the gats level,
inereasing throughiput by a factor of thrm over the VLSI design. %Thconclude thato whmou-csubstittiou

luwMnne with am-pace eptics is a pemAreed nusthd i designing optsa digta ciresls.

P~gm : Symboli anitutisa. Tim trauhmis.if rle is aale oterd telf aidto theiarmwt rdues the grid on *Ae right side of the anew.
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Figur 2: Splitfahift/coaibive setup (a) and optical Iniplnmntatioa of one stage of a crossover network
(b) (Jilgem IJasm).

03=C= -.. ~~rT

SU = - ________________ -- N___________

Figure 3: Symbolic substitution rulen fmr split/shift/combine setup.

Ill NRzang, A., *Parale Alorithm for Optical Digital Computers," IEEE less 101A JIernatioal
Oplical Cerarsiag C-frnce, 13, (1983).

12) Brene, K.-H., A. Huanng and N. Streil, 'DWWta optical computing with symabolic, substitution,"
AVVL Opt., 25, 3054, (1"11).newrsadterotclipeetioSbite

33 abm . and M. J. Murdocca, " Crossovewr ksadterotclipemato. unt
to AppL O0t..

(4) Mutdeesa, U. J., A. Huasng, J. Jahus, and N. Stasbi, 'Optical design of programmsnble arrays,"
AwL Opt., 27, (May 1, 1988).

rom 4: 1ARf: cminves lnipbkseation of a sorting aide. Right; electronic VLSI impieumaton of
a satimg node (Jay O'Neill.)
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DLIital psocassing of binary images using the concepts of
mmbmtical nupbology' in a well known set-theoretic method

for In"*e analysis (1]. Morphological filters are defined for
digitised binary images (sets) in the discrete plane Z2. For
two sets A and 3, the main set processing operations (SP-filters)
are:

set symtric of A As {-a: aeA} I
selt conglement of A Ac - aEZ' 2 a(A}set tra an of A by p A, - fp~a: aEA)
not d~ivgneof Bfrom A A - 8-fataEA, afB}
Ninkwkit addition of Aand R A 0 3-absEA, bEB) V

The Ninkowski addition is very similar to a convolution.* Based on r
these operations one can define other filter operations like set F
dilation, erosion, closing, opening, etc. In additon to binary
images also gray-tone images (functions) can be processed with
binary morphological filters after decomposing the image into a
family of binary images, called cross sections. A finite set of
amplitudes serves as threshold levels for these cross sections.
After applying the desired SP-filters to all binary images, the
processed gray-tone image can be obtained from the cross
sections. Te mathematical justification for this decomposition
is the fact, that function-set-operations commute with threshol-
ding.

DIGITAL OPTICAL ARCHITNCTURES

The comutation property and the space invariant nature of the
!robblm lend itself to an optical implementation. Because morpho-

gcloperations can be dc sed into two tasks - a nonlinear
point to point operation andcoa!near space invariant operation -
especially digital optical processors are attractive. The archi-
tectures we have investigated are based on symbolic substitution
and on Dual Input Array Logic (DIAL).

SI73MMIC SU58!ITUTfZONt This spatial logic [2] is well suited for
implementations of SP-filters. The Ninkovaki set addition, for
examJle, can be described as a substitution of isolated pixels

bytePattern of the structuring element.

US 65t



D=L MO W ZCt An optical processor based on DIAL is
described in I&. 2t cosists of a parallel logic module with two
inputs ad ame output, and a prograsmable interconnection module.-
fte Voossorw pwawidos the rAstructioms AUD, NOT and S~rF! on
date a Is Uesefoce the basic 31-operations could be performed

Since the Xinkowski addition plays the central role in SP-
filters, the efficiency of a certain copter architecture for
morphological image pRceSing can be estimated by the time
Vequired for this operation. Let t be the ties f or shifting a
data plane, to the time for logical Olin9 two data planes, and
131 the cardInality of the structuring element. * hen

TKA -31 (te + to&)

4 is the time for a complete Mizakoweki addition using DIAL. The
size of the array does not influence the processing time because
of spatial parallelism of the architecture. With symbolic substi-
tution the cardinality of the structuring element has no effect
an the processing time, however at the expense of fan-out. with a
pipeline architecture t1 and to% can be reduced to the switching
time of nonlinear optical devices.

References:

(1) J.* Serra, 01mage Analysis and Mathematical Morphology",
Wiley, New York (1975).

(2] K.-H. Brenner, A. Huang, N. Streibl, "Digital optical
computing with Symbolic Substitution*, Appl.Opt. 25 (1986)
3054.

(31 G. Stucke, "Parallel architecture for a digital optical
computer*, submitted to Appl .Opt.
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A neielly prull Image processor for stochastic relaxation using optical

P.Gwrda, KMadanl, F.Qevos
LEF.. CAFLR& L 22, 6@11. 220, Universlt do Paris Sud, 91405 ORSAY CEDEX

P.Chavel, P.Lamnne, J.Tabowry
I0.TA, C.N.R.S. LA 14. B.P. 43,91406 ORSAY CEDEX

AASTRACT
The architecture of an electronic mesh array for image processing by simulated

annealin Is descried Intended for VLSI monolithic Implementation, it features mixed
ansog~lgtaldeice ad opt"a random number generator.

kitroduction.
Simulated annealing has been more and more popular since its introduction (11 for

several optimization problems classes. A large number of applications to Image
prOcessilng, calged stochastic relaxation, have been reported after 12J, for which some
10MMe simulatons have been described, but real time executions are still out of reach [3].
In this paper, we describe electronic parallel architectures which perform very fast
stochastic relaxation thanks to optical random number generators.

Stochastic relaxation for low level image processing.
The use of stochastic relaxaton for low level image processing is sketched hereafter;

m~odetailed descriptions are given by [21 and [4). The low level task we want to perform
Is defined as an optimization problem to which simulated annealing can be appled. For
that purpose we model pictures as the states of some two-dimensional physical system:
we choobsesomelWle square latticeS8, and we suppose that the state of each site sin S
belongs to some finiteset0. Accordngto theilow level task tobe performed, these states
can be Conskdered as Intensity values, as lalbels or both. Then we choose some energy E
(L) on the (Intensity, lbel space such that the low level task can be defined as follows :
given some observed picture 0, compute some label picture L which minimizes E (L). This
energy Is hand tuned to hardwire some a priori knowledge on the relationships between
observations and labels (such as noise, lInearities, ...).

The optimization process Itself Is derived from simulated annealing andsera
dyaishave been proposed :Metropolis, Heat Bath and Glauber. In the Metropolis
d Qais(111. [41), a site a Is randomly chosen (with a uniform distribution over the lattice

S)and Us state q s cangedacr ng to the folowing rule :choose at randoma now
state q' (wi4th a uniform distribution over the set 0), compute the energy variation AE a E (L
q) -E( Lq) it produces,a&W 9W Onesite athe so fether ItAE is negative orIf some
coin tossing with probability exp (- AM) gives a positive result. Alternatively In the Heat
Both dyrnmcs[M, one gves the ste 9the date q If some oin tossing with probablty
1/(1 + exp ( - AE)) gives a positive result, whatever the sign of AE. The G3lauber dynamics
of [2) Is not developped here. In all cases, the computation burden is rather heavy and a
larg number of Iterations Is reurd deieding on the c6iosen annealin schedule. We
gine som examiples in the apiain oin

The processor architoturs
We descibe the design of some massivel parallel electronic architectures Well

1,0601 MU5 0be 1.... TQPWcs MSNM an OPIad CoMNwln. Aug. 29 -84U left Tenima
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fusom very lessaeIntegration, and are intended to fItl In as few chips as possible,
have suggeoted, In fJ an optical random number generator which delivers

random numbers to a monolh processor array at a very high throughput. An optical
v-ta.is buift In ftm of the pmoesor array, and projects a speckle image on a

phuwie.maly ; ta" sed0de picture Is p by the processors to get a random
smle aray in parafll. Moreover the spedifcations of the system have been studied to
avoid spaa or w dmpsrWoo s. 7 .This optical random number generator combines
chip sdwe como* id very high throughput.

We have designed a monolithi processor array to profit of these optically generated
random number arrays. Two slightly different schemes are possible, according to the
chm uas : or* for Mtropoff, the other for Heat Bath. We give here their common
features. Tha parallel mahine is built out of a large number of very small Processor
Elements (PE). It Is Of SM type, i.e. all PEs execute the same instruction at each Instant,
and a the PE work In a bit serial way. These PE are connected In a mesh thanks to a
quadrdirectol shift register, providing neighborhood access for any local computation. In
order to result In a sensible PE size, an attractive restriction, as far as hardware complexity
Is Concerned, is to restrict ourselves to the relaxation of binary label pictures. Thus the
memory requirements are dearly reduced. Moreover Heat Bath and Glauber dynamics
detie the same algorithm In this case, and the computation requirements of each Iteration
ae eaduced to energy variation evaluation, exponentiation and random number generation.
These are performed thanks to an hybrid arithmetic unit, partly built out of analog devices.
This mixed analog and digital Implementation results in a fairly compact computation unit :
a strictly digital Implementation would increase the PE complexity by an order of magnitude
at least, whereas the success of a strictly analog one would be questionable. Each PE
finally has a photodlode In order to acquire some grey-level picture or to sample some
random laser speckle patterns.

The overall PE fits In less than 100 transistors in a standard CMOS process. (figure
1) Its surface in a 2 IL 2 metals CMOS process is about 50000 A2 , allowing a 32 x 32
processor array to fit in a 1 cm2 chip. Its design has been functionnally and electrically

A first prototype has been laid out and it has been submitted to a foundery in
February 1988.

An application example.
Applications of binary pictures stochastic relaxation Include digital halftoning and

boundary sites relaxation. The latter is the stochastic equivalent of probabilistic relaxation,
and yields higher quality boundary pictures from edge element pictures [8]. We develophere the former example of picture halftonng (41. This process Involves the encoding of
the grey level Information In the density of the white pixels of a binary picture, and can be
considered as an approximation of an acquired grey-level picture A by a convolution by
some ixed kernel K of ts binary representation B. Furthermore one can measure the
quaft of this approximation through some distance between A and K * B, such as the

r disa ce E (B) - 1IA - K * 8112 . hence suiting it for stochastic relaxation.
ulation results are given In figure 2.

CnCluslon.
The described architectures take advantage of mixed wwlg Implementations. They

give successful examples of close coopeations between optical and electronic means to
sonl some computation limited problem.

165 " i
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CO&OsUt OftI DiGitl Optical ComPUter UsiSg Regvlar lnteeOnnIAWCtlon

AT&T Bell LaIorstemie
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Introduction

It is increasingly recognized that Parallel processing in one of the meet promising avenuea to
exploit the potential of the emerging optical technology. In the past several architectures based
em symbofle sbstuio hane been proposed for building a digital optical computer 1ii. using
the idea. of aymbolic substitution, architectures using two dimensional arrays of logical bits
eommakating via regular interconection methods have also been proposed. Since many of
these arehitectures are truly novel the formidable task of establishing their computational
feasibility visa-vis electronics remains to be demonstrated. Indeed some progress has been taken
in that direction. Murdocesa and Sreibl (21 gave a design technique to implement a serial adder
based an programmable logic arrays using only regular interconnects. Murdocca and Sugla, [3)
Considered arbitrary ( parallel /serial ) boolean circuits and presented methods by which they
could be implemented with little or Do loss in depth. More recently, Murdocca, and Sugla 141
designed a reudem-seess memory using free apace and regular interconnections only. These
technques do prove that low level operations can be performed in a reasonable manner on these
machines. It is clar however, that in order to achieve realistic comptittions, architectures that
ssist in combining functions and their results in meaningful ways have to be devised.

This paper resolves the above mentioned computational issue by providing architectures and
solutions which perform more complex computations. Specifically techniques and modifications
to the regular interconnection architecture, that mtake the computing of an arbitrary sequence
of operations feasible, are presented.

Mapping The Comnputation, on to the modified Architecture

Figure 1. A modified digital optical computer based on the symbolic substitution.
The input image is split into two, perfect shurnled, passed through the two masks and shone on
the NOR gate array. A sequence of masks is accomplished by imaging a sequence of mask
imsges onto the mask plant.

Consider the architecture shown in figure 1. It consists of modules of two dimensional array
which we latercesnested by a fixed interconnection network such as perfect shuffle. All gates
reqeir a fm-I end fms-out of at most two and in the following discussion all gates consIdere
wil hav a fa" and fan-sut of at stost two. Cemaltet with the notation of earler research
6te bosaa bit wa.r.eaea e asted to Ie cero. Any bit Imaesd ono"id h
ams doa Se tlee Is eat pttio An ep-ralle enabled r diabled by puttng the
apsopriateWabitsW tessiparen opaque. The Isi sarma ~ sonis the fgure consist of

MW e11. The do*gl MWR s4rW OW be rpl -ed by awrays of AMD and OR. Usig ti
Is~rdo ktm be ibmw 1hei -ku~~sn of "O gates or AM.OR gVte wit

bwuimn wit iueu~ hrl WA u e bypuest shufl is slows ad tim soin ot
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A RESIDUE NUMBER SYSTEM OPTICAL ADAPTIVE PROCESSOR

J.C. Bradley, E.C. Malarkey, P.R. Beaudet and G.E. Marx

Westinghouse Electric Corporation

Box 1521, Baltimore, MD 21203 (USA)

This is a summary of work that led to the design of an
adaptive processor that uses residue arithmetic and digital optics
to achieve adaptive beam nulling in less than two microseconds and
in capable of handling up to tour jamming signals.

The ratio of the signal to the jamming-plus-noise power is
maximized by a vector of adaptive weights that is the solution of
a linear algebraic system of equations expressed as the covariance
matrix which operates on the unknown weight vector to produce the
=teering vector. The covariance matrix is the product of the
Hermitian conjugate of the sample data matrix with this data
matrix. The steering vector (a known quantity) is replaced by the
product of the system determinant and itself to insure that
integer weights are calculated; this is a requirement when using a
residue number system (RNS). The final set of weights is obtained
from this solution by multiplication of the integer weight vector
by the inverse of the system determinant, and this step is
executed outside the RNS. The order of the system is N-4.

We briefly describe the parallel-pipelined architecture
necessary to achieve this goal in the steps enumerated below and
conclude with discussions of timing, hardware requirements and the
position encoded factored look-up tables (LUTs).

(1) The optical processor accepts 8-bit complex
data in I and Q Gaussian (i.e., complex) data pairs on
parallel input channels. The data flow into digital
electronic RAN buffer chips where they are translated
using position encoded LUTs from 8-bit binary numbers
into factored residue values for each of four moduli.

(8) Gaussian Integer residue data are fed in pairs
into quadratic RNS (QRNS) encoders which perform
calculations in half the number ot operations required
in complex arithmetic.

(3) Data are fed into a covariance matrix builder
which performs vector inner products necessary to
construct the full covariance matrix.

(4) Matrix elements are decoded back into Gaussian
residues, scalmd down to values commensurate with
computational accuracy and base extended to a larger set
of moduli that are necessary to met the RNS dynamic
range requirement. This extended base uses 8
Archimodean prime moduli for NM4. The process of base
extension occurs in the mixed radix conversion (N1C)
subprocessor which contains a multiplier-accumulator
(N-A) for each modulus.

' (5) Same extended results are re-encoded into a
QRNS and fed to a Gauss Elimination subprocessor which
triangularizes the covariance matrix (augmented with the
steering vacter). This subprocssor requires one 14-A
for each modulus 17 2IL *.,-, -.



(8) The final integer weights are computed using

backward substitution of the triangularized augmented

matrix, and these results are decoded into Gaussian

integers and finally into real and imaginary elements
using HRC.

(7) The results. which contain more than 40 bits

of binary accuracy at this juncture, are truncated to a

more manageable 8- to 18- bit word length by means of an

easily performed NRC truncation and then fed to a set of

RAN output registers.

The total time elapsed from input of the first snapshot of a

data batch to reporting the elements of the solution vector,

called latency. is determined by the number M of time slices and

the number N of degrees of freedom. For N=4 and M=8 a total of

354 clock cycles are required for the entire computation. For a
clock rate of 200 M4z the latency is then 1.77 p sec.

Eight prime moduli sufficient for use in the base extended

format described above are 13. 20. 37. 41. 61, 73, 89 and 181.

The processor using these moduli requires a total of 20 M-A tables

together with 4 additional add tables.

RNS computations would be seriously limited if factorization

of the LUTs was not employed. LUTs were described in detail in a

recent article of ours ("Residue Arithmetic Techniques for Optical

Processing of Adaptive Phased Array Radars," Appl. Opt. 2L, 3097.

LOW) A modulo p add or multiply LUT requires 2p detectors (Ds)

and p laser diodes (LDs). The "factorization" we refer to uses

the factorization of the multiplicative group of modulo p

multiplies to reduce the size of tables required. For example,

122 Ds and 3721 LDs are required in the construction of a modulo

81 multiply table, and, in the factored form, this table is

replaced by a 3x3. a 4x4 and a 5x5 table and requires 2-(3+4+5) =

24 Ds and 3 +4"+5 , 50 LDs for non-zero multiplies and an

aeditional comr,onent of each type for operations involving zero.

A modulo 61 M-A that makes full use of table factorization

has been built and operated at 260 MHz. Experimental results

obtained with this device will be discussed at the meeting.

In conclusion it is worth noting that the basic mathematics

involved in this optical computer embodies an RNS Gauss Eliminator

that can be used for solvincn general algebraic systems of

equati ons.
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OPTICAL PARALLEL ARRAY LOGIC SYST1I4

Yoshiki lchiOka

Department of Applied Physics, Faculty of Engineering,

Osaka University, Suite, Osaka Japan

The Optical Parallel Array Logic System (OPALS) is a parallel optical

digital computing system using the concept of optical array logic. Its

salient features are the capability of implementing fully 2-D parallel

logic operation, and parallel neighborhood operation, programmability, the

capability of iterative processing, and separability into modules.

In this paper, we describe optical array logic and realizable versions 1-4

of OPALS's. Then we demonstrate capability and programmability of the OPALS

through experimental results of parallel 2-D digital processing.

Optical Array'Logic

Optical array logic is a technique to implement any parallel neighborhood

operation using techniques of image coding, 2-D correlation, sampling, and

logical sum. Optical array logic can achieve parallel neighborhood logical

operation, or cellular logic for 2-D binary images.

Figure 1 shove the processing procedures of optical array logic. Its

processing principle is the same as that of array logic in electronics except

for the parallelism. Two binary input images consisting of N X N pixele are

spatially coded and converted into a coded image. N2 logical operations are

concurrently executed for a coded image. An operation for the specific pixel

is expressed by the logical sum of several product terms and by a product term

operation and OR operation. A product term operation is carried out by 2-D

correlation of a coded image and an operation kernel followed by a coding

process. The decoding process cosists or spatial sampling and thresholding.

The parallel OR operation for the decoded signals provides the result of the

given operation. In optical array logic, the type of an operation is

established by the combination of operation kernels selected.

Construction of OPALS

Optical array logic is a taehsiqie Implementing parallel processing of
two input and one output 2- signals. Fee4ing the output signal back to the

input part as one of the inpat signals in the following
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procasing of, out4W o, and f ang of an I nrmediate processed

In the pof ,a od= tgod usin spatial
ligt modulatore se i!lr, c opt scl cotmlati, technique using a multi-focus

Imaging systes re utilized. The 2-0 S-1 type nlp-flop and D type flip-Flop

to be developed In ntunt a* require# to "*cute the sequence of product term

operations or to carry o Iterative pr esing.

The modularized OPAS am be constructed -from several functional modules

ixing/distributing, e , correlation, and decoding modules. The encoding

module is optelectroaftadevices integrating PD8 and LKDE for pixel-divided

procesig, which can be fabricated by LI technology. 2-D array oF pixel

processing elements is easily composed br Increasing the number or the element

module. The correlation module performe the real-time 2-D correlation for

optical array logic.

The bireFringent OPALS in a kind of pure optical version of OPALS using the

principle of the birefrIngent encoding. The birefringent encoding is a parallel

and space-variant image coding method, referring to the principle or a digital

light deflector 5 and polarization logic 6 Advantages or birerringent

encoding are simplicity, stability, parallel nature, and light power efficiency.

Me have already constructed experimental system of the electro-optical

version or OPALS and the bireFringent OPALS.

Parallel Processing Executed by the OPALS

In order to demonstrate the capability and programmability oF the OPALS as

a parallel digital computing system, some simulation experiments have been

attempted. We first proved that the OPALS has the fundamental Functions as a

digital computer through the experiment realizing the Turing machine. Then

we have written the program for executing parallel numerical calculations

(parallel addition or parallel binary multiplication) on the OPALS. We also

attempted to make parallel digital image processing on the OPALS.

Figure 3 represents the experimental result for searching for the right path

in a maze. The processing for one iteration can be achieved by rive steps or

product term operations and a OR operation. After 13 iterations, the desired

result is obtained.

On the OPALS, operations for parallel processing are programed in optical

arra logic and the prga can be optically carried out. This programmability

51 offers flexibility for optical parallel processing.
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Fig.3 Simulation result searching ror the rightt.path in a mazq.
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D3AX-1M IAGN PROCESSING BASED ON OPTICAL ARRAY LOGIC

Tsbaski KUROKAWA ad Soal FUKUSIMA
NI'T opie-dauwnia Lesetries

X-I, Movinease wehmiMs AUWq-ki4 Ksaagaws, *45.01 Japan

Recently, considerable Intervaltlies focused on optical computing because of its inherent massive peru!-
jdel.. A number .1 or"ca pattern logic operations, ah as optical army logic') and symbolic substitution, 2 )
have been proposed for performing digital computations and image processing. Note that neither of these
sytm can be epwated or programmed in reI-time. The main problem. In developing a dexible real-time
proamor wre how to encode input dawki teal-time ad how to control the optical gate dynamically 3)

I& this paper, we propose a meathod of real-time, encoding and programming baed on optical arrayloi
using an olectro-oplic: d9et and stripoetructured analyzers. Input Images are encoded as symbolic light
pattern In pixel a switched with an optical Sale matrix, according to instruction signals. In addition, a
real-times prograuamable image processor that use liquid crystal ML) panels is demonstrated.

2. Princsiples of Real-timre Encoding and Progrannablo Operation
s chematic diagram of the proposed processing principle is ahows in FIg. 1. Two binary, input data,

A and B, arn encoded to the coded 1o4c pattern in Which a quarter of the cell is transparent, corresponding
gate mVarix according to the given instruction signal

Polasatlca rotation In a twist nematic LC sad stripe-structured aalyser are used to encode the input
data. When the bias voltage is not supplied to the 1,0l layer in the signal ' 0'1 input pixel, tho polarization3
of the transmnitted light through the laye is rotated by 90, and vice vers.. Analyzar Al has a horizontal
stripe structure ad Its polarizations of every other line are orthogosaL Than, the iaesnmitlea light from
polarver Pto Al via LCI ismodulated tothe horizontal strpe, anhown isftg 2. Is the case of LC2 sad
A20 the transmitted light is modulated vertically. An a rmalt, one of the four subodis becomes transparent
according to the Input combination of the two binary data. External Iumpg data ane input to the LC layer
electrically, but also optically using liquid crystal light valves. Furthernme, other electrootic: materials
with even faster response times can be used instead of LC layers. The optical Sates of the last LC panel, 1.03,
can select the encoded patterns according to the Instruction signals applied to the panel. The transmitted
light dynamically proese in parallel Indicates the output logic operation.

3. Real-time Image Procssing
The image processor was constructed by using LC panels, as shown in Fig& 3. Binary images read by

COD cameras were transferred into 1.01 ad 1.02. Optical gate panel LC3 was controlled by Instruction
signals from a pattern generator. All 1.0 panels and analyzers were stacbad together. Ecoding and program-
ming was than perforzed optically in parallel. The only role of electronics is to input MTC image signals
Into the Ls The Image processig results are shwna In ftg 4. (a) Is a coincidence operation between
the two Inpst Imags, ad (b) is a contour extraction, In which the same imiage was input into 1.01 sad
L.02 bat wasn shifted by one pixel horizontally mad vertically by Apinlg two CD caaera positions. The
contour of the original 'triangle pattern' was obtained thrugh us ezelsive-Oft operation. This compact
Image processor can optically perform various hinds of image processing at video rates.

4. Comohl"o
A n..Iw eeodig mad programming method hused on anr kgic have been proposed by using a

pdodsI 'pl&os eia dectro-optic effect and side*Netaad savlpoms We have demonstrated a
Noa " ft katepo which pmerm severa e11pollanos at vi" rate.. This system could be

,~woot 1 1 to sat ad faster procssing by sob* eptim agre @VOWia J&h Modalatos.

- I t~lbmdL ~IlhaProc. 13=312, VP (lfg).

4,~~ 2. L. fthdm a"d T. Kuulmwut Opt. Lett 12, MI (linT)
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An OPTICAL AMlOA TO ITICE us AMTI

Jos Teboury, Catherine Chuve and Pierre Chavel.
Institut 6'ptique (laboratoire associ6 as C.N.A.3.)

nivernit6 do Paris-Sid. .P..43, 91406 ORSY codex, France.

Introduction.

Optical computing using ion-linear devices interconnected through
free space is as attractive alternative to electronics. Common
approaches are derived from imaging and shadow casting (1). Both
techniques give rise to systems dedicated to mainly digital processors
such as symbolic substitution automata (2) and boolean automata (1,3).

Nereby we propose an implementation of a symbolic substitution
automaton in an optical shadow casting approach. Using an hexagonal
lattice gas automaton as illustration, we show that space parallelism
and adequate timing sequences could be combined with bistable and
other non-linear devices into a powerful optical machine.

Lattice gas cellular automata.

It has been shown that discrete boolean elements arranged in a
triangular 2D lattice simulate succesfully the Navier-Stokes equations
(4). Optical symbolic substitution are suitable for the deterministic
collision rules used in such algorithms.

Each site of a triangular 2D lattice consists of an hexagonal
pattern whose binary state encodes the presence of incident particules
before collision occurs. A fixed particule may be present at the
center of the hexagon (fig. 1). Finally, compliance with conservation
rules leads to introduce an eighth pixel with a random binary state.

A maximum of 26=256 different binary patterns may be simultaneou-
sly present within the 2D lattice for a given iteration. In fact, not
as many are useful. A time sequential analysis of all meaningful pat-
terns mst be tested in parallel over the lattice and then substituted
in parallel according to a lookup table. After that each result is
stored in a memory data plane before the next iteration. The optical
memory plane could be a bistable device.

Optical implementation.

The principle of each binary pattern analysis can be summarized

as a symbolic SUbstitution (fig. 2).

1) A set of $ Js (7+1) suitably arranged in a triangular lattice,
encodes all the requested collision patterns P and illuminates
simultaneously all bemagenal sites of the input lattice. The seven

4.
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beams passing through the pixels encoding a local collision situation
separately test the presence or the absence of a particule with a
proper velocity vector. If pattern P matches the local situation, no
light illuminates a mask N located behind the hexagonal site in a
place whene the 7 beus geometrically overlap. st mask consists of a
triangular 23 lattice of pinholes. Uing polarization to encode data
it is #odsible to recognize a given match pattern in one step (S).

2) in appropriate spatial light modulator implementing the NOR boolean
fonction placed in the mask plane allows to produce bright spots at
the sites wherp P has been recognized.

3) A second set of 7 LEDs encoding the substitution pattern P'
according to the lookup table illuminates sites of the nonlinear
device output plane so that the spatial light modulator reflects (or
transmits) the 7 beans only if P has been recognized. Each bean
illuminates only one pixel of the neighboring hexagonal sites of the
triangular 2D output plane in which a data memory plane has been
placed. It is important to note that the substitution must, on the oni
hand preserve the number of incident particules and, on the other hand
implement the translation occuring between two iterations.

Photographic experimental results will be presented illustrating the
three setps above. With adequate SILs, this experiment shows the
potential for a meaningful and powerful specialized optical processor.

We acknowledge stimulating discussion with F. Devos and P. Garda.
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Implementation of
A Prototype Digital Optical Cellular Image Processor (DOCIP)

K .&Husag A. A. Sawchuk.6 5. IL Jenkins, P. Chavel', J. M. Wang' A. G. Weber, C. H. Wang L Glaser

Signal and Image Proesng Institute, Depa~rtment of Electrical Engineering,
University of Southern California, Los Angeles, CA 90069-272. USA

01netitut d'Optque, Laboentoire Associi an CNRS,
Unzvessiti do Paris Sad, BP43, 91406 Orsay cedes, FRANCE

Summary

Digital optical cellular hung.e processor (DOCEP) architecture@, DOCIP-array and DOCIP-kypercube, can performn
the tashs of parale binary image processing and parallel binary arithmnetic [1]. The use of optical interconnection per-
mile a oellu hypercue topology to be implemented without paying a large penalty in chip are (the cellular kypercbe
intesconsetlcs ane spnea-nvaulnnt which inpies relatively low hologram comsplexity); it a&s enables iasa to be input
to and output from the machine in parallel. Table 1 give. a comaparison of three different interconnection networhi: Cal-
lu array (DOCIP-amry interconnection network), conventional hypercbe, and cellular hypercube (DOCEP-hypercbe

ntronction network). In th" paper we experimentally demonstrate the concept of the DOCIP architecture by imple-
meeting -m procsing element of a prototype optical computer includiag a 49-gate processor, an instruction decoder,
ad electronic input/output interface.

A multiplsexupostare multi-fnet interconnection hologram provide. the fixed interconnections between the outputs
and the inpat. of an array of?7 x 7 optical gate. 7te input data and the instructions are supplied from an LED array.
The output of optical gate. are detected by a video camera, and compared with the result$ of a software simulation. A
diagram, of the main components of this experimental system is shown in Fig. 1.

A specs-variant interconnection system [21 for witin-processor interconnection is used in this experimental demon-
stratin. A computer controlled system is used to aus an array of 49 interconnection aubholoprams, An optical point
MGMrcso whe postion Is Controlled by the mirror U2 with two rotational stage. (Fig. 1), is used to provide an object

beom for determining an Interconnection ofa, subhldgram in the multi-facet hologram A mask with a circular aperture,
controlled by two tnslatIonal stages, in used to determine the sine and positions of subhclograms in a holographic plate.
The interconnection hologram for this 49-at optical processing element compries 49 subholograuni which are laid out
in a I x 7 array. Each sauhholograms cover a circular are with a diameter of 1.5 mm. Thae spacing between the centers
of two subholograms is3.0 men. Note that the path of the object beam and the mask for subholograma; are only used for
making the interconnection hologram, they are blocked or moved when we reconstruct the hologram to implement the
interconnections of the optical gates. We usea volume phase hologram with a dichromated gelatin medium for obtaining
high diffraction effcencle.

The arrtay of 7 x 7 optical gate. is implemented by a Hughe. liquid-crystal light valve (LCLV) with liquid-crystal
molecules in a 45' twisted asmatic conliguration [2]. The LCLV is read out between. crossed polarez and is biased to
implement a NOR operation. The gate sire in thin experiment has a diameter of 0.3 mms and the spacing between the
centers of two gate. in 0.6 mm.

The Circuit diagram of the processing element, as shown in Fig. 2, consists of 49 NOR gates with maximum fan-in
of 3 and fia-out of 4. The processing element includes a 3-bit destination selector, a 3-bit manter-alave Slp-Bop memory,
a 6-bit memory selector with a union module, and a S-bit neighborhood selector (for DOCIP-aray4 (iD with a dilation
module. 1Tis experimental DOCIP system has on. instruction, supplied from an LED array and decoded by the optical
hardware 7Tin instruction has the foemak. (c,dOl, d2, d, a, 8,...,a,ua,%2, ..., us) where c selects the image from the
input or from the leedhach; 4.4d, and ds select the destination memory for storing the image; t .so select the
output from the memory element.; and as,**~, .. ,aControl the neighborhood mash, i.e. supply the reference image. We

will experimentally demonstrate the DOCIP architecture concept with thin system.

1) K. S. Ha& B. K. Jetakinw, A. A. Sawehult, 'Binary Image Alsebra and Optical Cellu Logic Processor Design,"
submitted to Compser Vieion, Graphics, sod Ias Processing K. S. Huang, B. K. Jenkins, A. A. Sawchak, 'An Image
Algebra Repressatls of Parallel Optical Binary Arithmetic, submitted to Applied Optics.

(21 A. A. Sawnkult a"d T. C. Strad, "Digital Optical Computing,- Proc. ISUE Vol.72, pm 756-79,198; B. K.
Jenkins, at aL, "1seuential Optical LoIc Implementation," Axftid Oplics, Vol. 23, No. 19, pp. 34U6-3464, 1964, B.
K. Jenkins, at al, OArchleeural Implications of A Digital Opti" Prsn-mr," Appaid Optics. VOL 23, Ne. 19, Pp.
3463-3474,1964.
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Massively Parallel Architectures with Optical Interconnection Networks

Mehrnoosh Mary Eshaghian and V. K. Praanna-Kumar
University of Southern California

Ho-in Jeon
University of Alabama in Huntsville

Abstract
We derive the computational limits of optical technology using a proposed model, and present parallel
architectures for implementing it. We show the superiority of the unit delay optical interconnection
network of these designs by presenting efficient algorithms for many problems in image processing and
Al.

1. Introduction
Recently, there have been many parallel algorithms designed based on a theoretical shared memory
model, the Parallel Random Access Machine (PRAM), in which a unit delay interconnection network
is assumed. Using electronic technology, simulation of such an interconnection network wili lead to
an O(logN) time loss. In this paper, we will focus on this issue and propose possible realizations of
such a unit-time interconnection network using optical technology. We start by developing an
abstract optical model of computation and in section 3, we propose three possible implementations of
this model. In the last section, we present efficient parallel algorithms for several problems in image
processing and AI using these architectures.

2. An Optical Model of Computation
In this section, we introduce an abstract optical model of computation to explore speed size relation-
ship in using free space optical beams, as opposed to wires, as means of interprocessor communication.
This model closely captures currently implementable optical network of processors. So the derived
lower bounds on its computational efficiency gives us a tool to analyse the optimality of various phy-
sical implementations of the proposed model in solving problems.

Defiaition: An optical model of computation represents a network of N processors each associ-
sted with a deflecting unit capable of establishing direct optical connection to any other proces-
sor.

In the full version of the paper, we derive bounds on the computational efficiency in using such an
optical model. While due to limitations on the number of layers of a VLSI chip, implementing a
three-dimensional VLSI model of computation is not possible in current technology, we have shown
that such bounds can be obtained using an optical model of computation which is implementable.

3. Parallel Architectures
In this section, we present a class of optical interconnection networks to realise the optical model of
computation presented in the previous section. Each of the proposed designs uses a different optical
device technology for redirection of the optical beams to establish a new topology at any clock cycle.

3.1 Optical Mesh In this design, there are N proccxwm on the processing layer of area N. Simi-
lady, the deflecting layer has area N and holds N mirrors. These layers are aligned so that each of

TIdk re.areb wee sopperted In pelt by te NMama Sebsee Irsandsatka mader rant iH-7iO35 sA a
grss floas TRaW.
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the mirres is located directly below its amciated processor. A connection phase consists of two
cycles. In the Ast cycle, the procemor snds the destination address of the processor it wants to con-
nee& to, to the mirror asmociated with it uming its lamer directed up ward. After receiving the address,
the arithmetic unit of the mirror computes a rotation degree to create a position such that both the
origin and destination processors have equal angle with the line perpendicular to the surface of the
mirror in the plane formed by the mirror, the source processor and the destination processor. Once
the angle is computed , the mirror is rotated to the desired destination. At this time, in the second
cycle, connection is established between the source and the destination processor. However, note that
since the connection is done through a mechanical movement of the mirror, with the current technol-
ogy this leads to an order of millisecond reconfiguration time.

8.2 Optieal Line- Array In this organisation, N processors are arranged to form a one-
dimensional processing layer and the corresponding acoustic optics devices are similarly located on a
one-dimensional deflecting layer. Similar to the design using the mirrors, every conuect,.-.i phase is
made up of two cycles. In the first cycle, the procemor sends the destination address of the processor
to which it wants to connect to, to its associated acoustic optic cell using its laser beam. The-acoustic
optic cell's arithmetic unit, after receiving tha address, computes the angle and phase of the wave to
be generated inside the crystal to redirect the beam to the destination processor. As the wave moves
upwards through the acoustic optic device, the beam gets redirected and the desired connection is
established. In this architecture the reconfiguration speed is dominated by the speed of sound wave
which is in the order of microseconds.

3.3 Eletro Optical Croesbar This design uses a hybrid reconfiguration technique for interconnect,-
ing processors. There are N processors each located in a distinct row and column of the N X N pro-
cessing layer and for each processor there is a hologram unit having N cells, such that the ith cell
has grating angle corresponding to the processor located at the grid point (i ,i). To establish or
reconfigure to a new connection pattern, each procesor broadcasts the address of the desired destina-
tion processor to all N cells of its hologram unit via its associated electrical bus. A cell is activated if
the broadcast address matches the ID of its only accessible processor. Therefore, since the grating
angles are predefined, the reconfiguration time of this design is bounded by the electrical to opitcal
signal conversion time, which is in the order of nano-seconds using Gallium Arsenide technology.

4. Implementing Parallel Algorithms
An important property of the proposed networks is that any processor can communicate with anyother in one unit of time. This leads to significant improvement in time complexity of parallel algo-

rithms for many problems with irregular communication needs such as those arising in implementing
Al problem solving techniques. As an example, we present an efficient implementation of production
systems. We also illustrate the suitability of optical mesh for image processing by showing fast
optimal parallel algorithms for many tasks in low to medium level vision such as, labeling figures,
finding the convex hulls, determining distances, etc.

5. Conclusion
We have established a theoretical foundation for optical parallel processing by developing an optical
model of computation, parallel architectures implementing this model, and efficient parallel algo-
rithms. Our results substantiate the preference of optical medium over electronic medium as a means
of interprocemor communication.
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General Purpose Optical Digital Computer

P.S. Guifoayle

PO Box 10779
310 Dorda Court, Suite 210

Zephyr Cove, Lake T&1=6, NV 89448

AnSTmAcT

Previous optical computing schemes offered analog or quasi-digital accuracies with a single fixed primitive. This
paperdescribes how programumable- arbitrary b (lengt all digital Central ProcessingUnit, (CPU) computations are now
possible. In adiioun, the current state-of-the-art in optical computer subsystem devices such as acousto-optic
molators, deecorad somre arays, posture this architecture as a revolutionary technology in and of itselft as it may

be oppOWe so an implementadon plethora.

Tricsnuca SwAstAuR

Our research has produced a new class of optical computing architecture - a general purpose digital optical
computerofmw*WwybitenEL. Shannon's theorem on general purpose digital computation states that all digital logic
functions can be represented by two sets of equations. The first set take the inlpt data vector represented by bits x,
through xsad omrbines the bits in such a way to produce k output combinatori' functionais f, through f,* Note that
f,through &Mrpreseot the loglcal(Doolean niultplication' or"ANDing of any combination of;x through x.. These
inputs. x, though it. us rqpresented in'dual rail" format, ie. both xand its complement (shown with a bar over them)
we AAilb& V& shall refer to this first step as the combinational "AND"ing of the arbttarary input data vectors.

The second stop In Shamson's generalized formulation is to take these arbitrary combinational functionals and
produce iftry combinational summation. Inputs to the second step ame the outputs from the first step above, iLe., the
cobnatlonal 'ID' prout f, through f,. These are then -WRed or Boolean sumnmed as shown in arbitrary dual
rail form. The equivalent function of r. an be realized at worst as a sumt of only f. (high true) functionals.

To facilite e lcioeof the pprpriate orus in both sets of equations, control selection logic must be used on
thedusirail inputd tabeforeitherof Shamno's equaionscan bemralized. Conskdertheoptical matiizlectorcomputing
achitcture shown in fgure I tided Plie Program Flash N bit CPU. This architecture utilizes the three dimensiona
cspabiltyofopticalmCoiuting. Theinputsource
data vecto is input In dual rail format to the input
sorc -r Thist vertal Input Vector Paale
illunatxes acontroloperatorplanewhichconsists coto
on a.N btcontrolequences. In parallel all oprao
combintorial funictionaks f, through (as could
equal k if desired)m available simultaneously at tit'
the outputdletectorarry. Consequently the system
is computing microcoded combinatorial
functonals in paralleL

This architecture can be represented as a
Bateau logic matrixvecoor multiplication which inPut
produces all of the combinatoial output Suc
functlacals f, through fi. Thbe only difference M
between this matrix vector formulation and one
use coanuanly in mathematics is that the inner
product summnation nua are actually threshold f
detections, Dooleatsunotlons. or ^OR'ing.

intthaisnedeiisbinty~IA or Figure 1: Fixed Program Flash Detecsor
0. The maximumhnwer product mowerlisl. N bit rq 1. Mray
Howame the effct is so have multiple parallel
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input *AND" gaMLs
7Ue somiru logi ast so ntes abovequationointg oaths inputidata vector x, through xproduces a

CS~IIN4'WEIidjactfkaE a osu wuim ftsetofaswem rquied by Shamastheorm. Thene
ca.*hulaI u9KS acti an be aO6ud t pioduce Shannon'sa second ad of equations by (1) passing tbs

Iuihback duughthdo dcd sysain(2)suplying die orreczmcrocode forhs second setofquatonu. and (3)
180oftr Dda~ ns law, IL. dounot sake the inversodoetue This now represents what is commonly referred to a an
lnsvmcAima Itis thuss possible by downloading the c o c -microcodle stored ina memnory subsystem, to program die
Uchft)lpff(3M n totl Daffauntiicocadequ a IMl acto the data in different fashions thereby

PCmitdoisaccsl oakodevmimr d ntuction snap ses acoaaplet act of operations,

TsgM eralpupom dom~logyc ubse pnedmdlanplea din hardware.An achitctureas shown

devices Mh PtialCPU consits f3pLuuoO /. Rathr thndig fWMIuspl beig a point sourcs Wrray as described
abov, lls qalcedbyaultchumeleco uti llitatiodeaM Plans 2 fotnerly afixed control operator

plan e tpadawdlwfthanmwld-chwAml psiuplmodalsr to alow matrics ofin sco tbe downloaded
randomly NdOW oftwar coNtroL DGO*WWpu plan.I Can be eltmateY IMplaca1d with Amo sopltstcaled! spatial light
miolaw5s Ifuad whea they useveravlabW le.faomputpaeconsiof alineaavalaachpidode array driving

anOff c1iP etsuaialdreetiama shift regste.
7M two suell.chamasl acoso*optc devices act as conerpogaling bit windows in a 'convolver" mode.

Can farhdamemnnuheiputdtat. DataisinputdooprlLScesivedalawords frmmanoy rdow bode
dive sequentially. First word Is fed to lbs firsanulti-diannel acouslo-optic device Th, number of bits fW to lbs cell
is twice lbs word length In, enable all bits and their crPlenmat 10 be input, Ue dual rall operation. Thetefore if a 16
bit CKU Is desired, Che. a 32 channel acousto-optic call isn quired for a single clock data cycle.

TWo 32 chansel accus-to-c devices be used in a par"le teleceaatric: imaging configuration fosed on an
avalanche pbokodlode MWato leangth 128. Using a 10as clock this will provide 100 million coabinatoria equations
Per second Patidonag ie ay into segments of length 16 will increas this thrughput rate to 300 million
coanbinatmial equations per seond

FMNoraddi nabfOrau don taderSOUld review reference(1. whicha is the fourth ofa series of papers describing
comblasMmal logic baed optical cnqitin ethods. Por funhiur background informto the reader is encouraged to
review In additiona refonees 2-4 citd below. Reference 5 describes the anthor's original trasiion architecture from
aalo tital optical 011111AIIIII.
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(4. FA.Oifq"eWj.W q10 LAin& Sam OpticCompetg PROcmimmEO OP THE sFM v*L 639-I?
ApUSK
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mut ereehers tha aim alow " l an-ia (e.g., some of the systems described in 151).
Gate. since the superposition property of optic. only applies in inear media, it cannot in

general be used for gates, which are (by dslaiticia) nenlinear. However, for important special
casms superposition -m Mew many optical gats to be replaced wit one optical switch.

Consider an aperture whose date (opaqu or transparent) a. controlled by an optical beam,
with again mny optical boe ban Wie to read ts Ate simultaneously. HRe the aperture is
bein used as a switch or rehr, and the control bean opens or closes the switch. ffb represents
the control bease and .~ the inal hoes, this in efect computes & sej or V1 ar. depending on
wicth Sate of b ches the switch, where -denotes the AN operation (F1g. 2).

Using this concept, a set of gaes with a cen input in an SIMD machine can be replaced
with, 4e OPiOs switch or "superimposed gate". It dlo obviates the and for broadcasting the
instrutloin W 48 PU'; istead, a fan-in of all signals to a common control switch is performed.

These superimposed gates are not %rue 3-terminal devices, since the ej inputs are not regen-
erated. As a result, a design constraint, must be adhered to- these 6, signals should not go
through too many superimposed gates in muccession without haing regenerated by a conventional
gate. No"e, however the following features. The tota switching energy required for a given pro-
causig operation is reduced, became N gates are replaced with one superimposed gate. Thus is
importa becaims it is likely that the total switching energ will ultimately be the limiting factor
on the switching speed and number of g"te in an optical computer. Also, it permits an increase
In eemsputing speed sice wsom of the gates are effectively passiv, and reduces requirements on
the device wsed to Implement the optical gates.

In summary, architectures for optical computing must incorporate the capabilitics of optics
as opposed to electronics. A familiar but important inherent difference lice in the superposition
property of optical beams, which can be expoited in opitcal interconnections, gates, and memory.
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Fig. 2. One optical relay or superimposed
Fig. I. Conaceptual diagram of shared momory I gate versus indivdual gates with a commonI

modeb.input.
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THE OPTICAL WIRI OF IPuW C DIGITAL PROCEs$DI

ARRAYS FOR OPTICAL COPTN

S.D. Smith. A.C. Walker. X.R. Taghizadeh.

I.R. Redmond and B. Robertson

Department of Physics. Heriot-Watt University.

Riccarton, Edinburgh EH14 4AS, UK

and

G. Lebreton

GESSY, Universitd de Toulon

639 Ed. des Armaris

83100 Toulon, France

Key building blocks of future optical computers are likely to be massively

parallel array processors capable of all binary digital functions as well as

read/write memory capability. Parallelism of at least 10', combined with

processing times of I ps or less, represents a convenient target for

demonstration within the next fev years.

Several possible sources of the required optical nonlinearity exist and may

be ultimately successful. These include: direct optical nonlinearity of

electronic origin, opto-thermal nonlinearity and a variety of form of

hybrid nonlinearity in which electrical assistance is used to increase the

effective magnitude of the nonlinearity and hence reduce operating powers.

In any event, operating powers of sub-milliwatt level seem essential to

operate sufficient parallel elements. On the basis of present experimental
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results the sime scaling of the elements becaes important and implies that

elents of dimension of a few microns will be necessary. In all cases this

* requirement sets the problem of providing between 10' and 10' illumination

paths most probably derived from a single laser source. The micro optics

also demands spot diameters of a few microns and a high level of uniformity

of intensity over the area of the array.

In this paper we describe the characteristics of a particular class of logic

switching element - optothermally activated nonlinear interference filter

arrays - both theoretically and experimentally. It is predicted that powers

as low as 100 pW will be possible on micron size pixels of such an array.

Experiments so far reaching one milliwatt or less per pixel will be

presented.

The development of laser beamlet array generators from highly efficient

dichromated gelatin volume hologram lenslet arrays is described. Results

including the generation of ( 4 pm beam diameter at the focus and array

sizes as large as 1024 elements will be presented. The copying of computer

generated halide holograms with efficiencies of approx. 4% on to DCG,

yielding 99% efficiency and uniformity within 21. is described together with

the special optical testing methods which have been utilised.

The implications of this work are that efficient conversion of a 10 W laser

beam (derivable from a single argon ion laser or diode laser array) to at

least 104 bemaleta can be achieved and that logic elements that can be

driven by this array can be fabricated. Implications of data rates greater

than 10" bits per second thus exist.

• '"::i196



Me - 9 CUM G. 1 AM N. SU 4.C L-LGR . SAWan

*04~ MINSI

kipoi of~ ptterned omfor sufac uesting sd a pin fpaiaer

to 6- a. CUW.0A . 3 JU and3 S.Uf. loom LO Timms* A.itc333 an

po 46 - N.V. Slm, .A1I. 3813m1. . 533.13, 3. DE.&COand
A.. andm I. PiV: Pitinesmeties rcesoed asctrumas

P. H - C. SWA., .3SUM1,3 113,3.11 and 16.. NUTWLS: eoyoA p
11 a heu optiattrnd waf prcert. sigectotcspil

ourto indulator

al.e#NawtiveSU inest indepuet coeat rbi o mechania.ft

"cudA vrosemo cSm o amI"Ait*te

"1c'w 11. ignum #AoSM INt"owPFM



.... .IM .e e v ..m -

X.-I MR t!b roam temufmil belpa-

SS~ Imp SOWN.iw MOW 41With

ps1 is a.& IA CCL UI~b& OW& A tica table look-up ap-
A bto ew punse. &Watal ewputig.

. c 'lsw a . mim .* vim vmle pssbi.mooia apprackes in

. If

4
*f.-JAC.



A Several MHz Optical Clock
Using Stimulated Brillouin Scattering

in a Ring Fiber Cavity
by

Joan BOTINEAU, Claude LEYCURAS and Carlos MONTES
Laboratoire do Physique de la Matli6re Condens6e (UA CNRS n" 190)

Pare VuireWs - 06034 /CE Co&x -

Abstract

An optical clock, temporal characteristics of which Is determined by
geometrical parameters, works by stationary pulsed emission of a CW-
pumped Brtllouln fiber ring laser.

A CW-sing1e frequency wave travelling in a single-mode fiber
Interacts with acoustical phonons Induced by thermal fluctuations, and
gives rise to a stimulated backward scattered Stokes optical wave, to the
amplification of a particular forward acoustical phonon, and to the
depletion of the pump wave : this is the stimulated Brillouil scattering,
which is generally considered as an undesirable effect, because it
prevents an Intense CW-beam to be transmitted through a single-mode
fiber. We suggest here to use this effect to design a purely optical clock of
some Mfz repetition rate, the temporal characteristics of which are only
determined by geometrical parameters.

If, in properly normalized units, Ep Is the pump wave amplitude, Es
the Stokes wave amplitude and E the electric amplitude Induced locally by
the acoustical phonons, the phenomenon ma be well approximated by the 3
equations set:

(StI- 8 Es - E;

(*It (v/c) 8.pj E EpES

Swhere t Is a temoral coordinate, z the atscissa along the fiber, v the
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Sound velocity, c the light velocity In the fiber and IL a phonon damping
coefficient. Stationary solutions of this equations set are generally
dependIng.on space and time. In particular, If the fiber is mounted inside
an oscillator, the Stokes signal corresponding to a C& pumping Is a
periodical pulses train.

We have designed a ring oscillator such that pump and Stokes waves
will- be always counterpropagating, allowing the process to be
constructive. The oscillator acts then as a Brillouln fiber ring laser, and
the repetition rate of Stokes pulses Is an Integral multiple of the pulse
round trip frequency Inside the oscillator. In fact, an elementary
configuration leads to several problems because the pump laser is not
optically isolated and Induces a forward scattering, and also because the
stimulated phonons cannot be damped between two Stokes pulses. The
solution which we have succesfully tested Is to couple the pump wave
Inside the cavity with an acousto-optic modulator drived by the
oscillator characteristic frequency. In our experiment, the modulator Is
drived externally, but it also be drived by the Stokes train itself.

We have used In this experiment a 83 m pure silica core single-mode
birefringent fiber pumped by a CW-single frequency Ionized Argon laser
emitting at 5145 A Pump power output threshold is below 200 mW, and
the Stokes frequency repetition rate of 2,4 MHz. A numerical simulation
Including the optical Kerr effect gives a very good accordance with the
experiment

A higher repetition rate would be possible with a shorter fiber, but
the price to pay will be then a higher pump level.

200
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ULYTRAFAST im EFFEC RRSOEANCE IN 48CHU POLYDIACETYJLE
SOLUTfION

M. CANVA, G. LB SAIU, K. DUMONT. J.C. LOULERGUE, A. BRUN.

F. KKJZAR
s

Institut d'Optique Th6orique et Appliqu6e

Centre Universitaire d'Orsay, U.A. 14

B.F. 43, BAtiment 503
91406 ORSAY C6dex - France

* I.R.D.I. - CEN-Saclay

Dhpartement d'Electronique et d'Instrumentation Nuclbaire

Laboratoire d'Etudes Avanc6es
91191 GIF/YVETTE C6dex - France

We have performed femtosecond time resolved Kerr effect
measurements on a Yellow solution of 45CHU polydiacetylene
(Butoxy-Carbonyl-Methyl-Urethane R-C-CoC-C-R, R = -(CH2)4-0-
C0-NH-C0-0-C4H9). The experiment is conducted in the transpa-
rent region. Femtosecond pulses, (duration abgut 100 fs), are
produced by a passively mode-locked ring dye laser in which
the dispersion is controlled by a sequence of four prisms. The
pulses are amplified by a 4 stage amplifier pumped by a Nd:YAG
laser working at a 10 Hz repetition rate giving an energy of
about 0.5 mJ per pulse (1).

Two different types of experimental arrangements are
used. In the first one, the pulse is split into a pump (96 %)
and a probe (4 %). The polarization angle between them is set
at 45@ . The two beams are then focused on the sample, crossing
each other at a few degrees, the delay (positive or negative)
between the arrival of the pump and the probe is adjustable
with a 6 fs accuracy. The probe beam is analyzed through a
crossed polarizer (no light is transmitted in absence of a
pump pulse) by a spectrograph and an Optical Multichannel Ana-
lyzer which averages the pulse spectrum on several shots
(Figure 1). In the second arrangement, before splitting, the
pulse is focused in a watercell and a white continuum is
Created. On the pump path, a filter selects a narrow band
freque*ny, about 10 na is necessary to keep a pulse shorter
than 100 fs. On the contrary. the probe beam contains the who-
le spectrum.

The data obtained with the first experimental setup are
reported in Figure 2 that shows the input pulse spectrum (2.a)
the spectrum transmitted by the Kerr shutter (2.b) and the
shutter transmission as a function of wavelength. We observe
an ultrafast electronic response followed by a slower decay. A
similar behaviour has been observed in red solutions of the
same polymer (2) but in that case the experiment was performed
near the absorption band. Moreover our results show a shift in
the fast response range indicating a probable two-photon reso-
nant effect at a wavelength smaller that the p-imp one. The re-
sults given by our second type of experiment seems to confirm
this interpretation. The present study would locate the two-
photon state slightly higher than was found by Chance et al.
(3) usife the three-wave-mixing measurement technique.

(1) f. Salin, F. Georges, 0. Roger. A. Brun
Applied Optics, 2 . 4528, (1987).

(2) P.P. No, R. Dorsinville, M.L. Yang, G. Odian,
G. Itchmann. T. Jimbo, Q.Z. Wang, G.C. Tang, N.D. Chen,
W-.9. Lou, Y. bi, R.R. Alfano
SIN LU. 36, (1986).' (3) R.I. Chance, H.Lk * Shand, 9 Luogg0 R. Silbey
Phys. Rev. 8 U. 3540 (1980).
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Picosecond time resolved absorption saturation
in Si doped MQWS

G. LE SAUXI, J.P. POCHOLLE, J.P. HIRTZ. F. SALIN*,
D. DELACOURT, A. BRUN*, M. PAPUCHON

Thomson-CSF - Laboratoire Central de Recherches

Domaine de Corbeville - BP 10 - 91401 Orsay (France)

*I.O.T.A.. Centre Universitaire d'Orsay, BP 43,

BAtiment 503, 91406 ORSAY C6dex (FRANCE)

New concepts in infrared photodetection and modulation have
been recently developed [1, 2, 3] using intersubband absorption
in multiple quantum well structures (MQWS). This paper presents
the experimental study of the relaxation of highly excited elec-
trons in MQWS design as IR detector using a femtosecond correla-
tion technique.

The studied structure was grown on a molecular beam epitaxy
machine and consisted of 100 periods MQW of 85 A GaAs wells and
300 A Gae.?.Alo.2z barriers. We chose this structure, composition
and well thickness to produce only two quantum states in the well
of the conduction band with an energy spacing close to 95 meV (13
pm). The barriers are doped with Si donors (n=7.101"cm- 3) to pro-
vide free electrons to populate the ground states in the quantum
wells (4, 5], and make the sample absorbing near 13 pm.

The room temperature transmission spectrum of the unpertur-
bed sample (Figure 1) clearly shows the excitonic structures and
interbands transitions.

In the experiment reported here, we monitor in time the
change in excitonic absorption bands induced by the non thermal
population distribution. We follow the absorption changes as the
carriers thermalize to occupy the near band edge states.

For that we use a femtosecond pump and probe technique. The
pump beam has a wavelength of 750 nm (1.65 eV) with a spectral
width of 10 nm. The probe beam has a large spectrum distributed
over the intersubband transitions window from 790 to 900 nm (1.59
to 1.38 eV). The large spectral probe transmission is then analy-
zed and recorded by using an optical Multichannel Analyzer plae-ed
at the exit of a spectrometer.

The figure 2 shows the differential transmission spectra of
the sample for various time delays between the pump and probe
pulses. The sampling time is 200 fs and each spectrum corresponds
to the accumulation of 100 successive laser shots.

As in the case of undoped samples, we obtain large satura-
tion levels (30 %) using deposited energies about a few pJ. The
maximum level is obtained after about 1.4 ps. This time corres-
ponds to the thermalization of the photoexcited electrons. Recent
experiments (6] have demonstrated that the time constant for in-
tersubband transitions was about 11 ps and this relaxation time

will limit the ultimate response time of such detectors.
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Figure 1 Absorption spectra of the MQW structure at room
temperature. Probe and pump beams wavelength spectra are

represented. Arrows indicates the e-hh/lh excitonic bands.

Figure 2 Differential transmission spectra of sample for
various time delay between the probe anQ pump pulses. The
temporal sampling is 200 fs and the sample temperature is

T - 300 K.
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Inspection of patterned wafer surface

using electrooptic spatial light modulator

HitOahi Tanaka, Youko Ktiyasaki, Ioboru Mikami,

Nobuyuki Kosaka and Toshimasa Tomoda

In production lines of large scale integrated circuits(LSI),

automated systems have been demanded for the inspection of patterned

wafers to replace the time-consuming and pains taking labor work. The

spatial frequency filtering technique has been often applied to the

.nspection of periodic pattern defects, especially optically

rtransparent objects such as LSI photo-masks to take advantage of its

inherent high inspection speed. Although this technique is valid also

for inspection of reflective objects such as patterned wafers of LSI,

it is usually required to make a precise adjustment of alignment

between the filter and the test object so that the Fourier pattern

from the reflective surface pattern does not deviate from the pattern

of the spatial filter. This alignment requirement could be a big

obstacle in practical applications, particularly in mass production

lines, and should preferably be avoided. In addition, the filter

should be specific for a specific pattern and its preparation which

includes a photo development process is a nuisance. In order to avoid

these obstacle and nuisance, we decided to use an electrooptic spatial

light modulator as the spatial filter. Then, in-situ filter

preparation and inspection which immediately follows can be carried

out in real-time for each test object. Thus, the problems of alignment

and in-advance-filter-preparation are eliminated. We verified

experimentally the applicability of an electrooptic spatial light

modulator to the real-time inspection of periodic pattern defects.

Fig.1 shows a block-diagram of the inspection system. A BiaGeOv

(BGO) thin crystal was used an a spatial light modulator. The wave-

length of laser was 488nm at which BGO shows both the photo-

conductivity and the linear electrooptic effect. Thus, both the

Fourier pattern production in the filter and the defect inspection

were conducted with the single lamer. The light diffracted by a

periodic pattern forms a spotty pattern on the focal plane. Because

the light has a strong intensity, its pattern of spots is swiftly

recorded on the eGO which Is placed at the focal plane. On the other

hand, the light from a defect fores a broad pattern on the focal

plans, and it takes a long time to be recorded on the EGO because of



F-- its weakness In Intensity. Therefore, by selecting the time of

exposure, we can record on the BOO only the Fourier pattern due to the

periodic pattern of test objects. An analiser placed In front of the

camera refrains the light coming from the periodic pattern from

reaching the camera. Only the light from defects goes through the

analiser and the image of defects without the periodic pattern La

formed on the camera. The spatial resolution of the BGO was -1.5/mm.

The objective lena had a focal length of 95mu and a N.A of 0.1. A

micronope-objective-scale of 10/Am pitch was used an a periodic

pattern sample, on which a particle of about 10/ was placed as a

defect. Fig.2 shows a decrease in signals of the periodic pattern and

the defect with the time after the laser irradiation. It is observed

that the signal of the periodic pattern soon disappeared and only the

defect signal remained to be detected.

We are now trying to apply this system to the inspection of

patterned wafers.

14"1 Let

Fig.? decreese in sianet , et the pattern end the defect

S .ith the time after the toser irradiation

2
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Finesse Switching an Alternative, Intensity Independent

Commutation Mechanism.

H. Thienpont, L. Peirlinckx, M. Smedts

Vrije Universteit Brussel, Departement Toegepaste Natuurkunde,

Toegepaste Wetenschappen, Pleinlaan 2, 1050 Brussel, Belgium.

A non-linear Fabry-Perot is commonly switched by varying the

amount of incident irradiance or by adding optical/electrical

energy to the non-linear medium. An alternative commutation

mechanism is proposed, based on a change of either one or both

reflection coefficients of the resonatorinterfaces. The changes

in finesse, thus obtained, transform the Airy function and

affect the feedback mechanism (Fig. la). This leads to a

commutation of the device for appropriate variations of the

reflection coefficients (Fig. Ib). To obtain these variations

two techniques are highlighted

a) Changing the state of polarization of the oblique incident

light beam. This allows intensity independent commutation

(1).

b) Creating a plasma at the second interfacV_ of the resonator

and altering its density by optical means in order to

modulate the plasma reflection (2). Therefore a multi-

layerd device should be considered.

Switching energy, commutation speed, cascadability and other

features of both techniques are discussed. The a-type finesse

switching appears to be faster and less energy consuming than

a more common mechanism. But it presents the drawback of not

being cascadable. However, it appears to be an excellent tool

to scrutinize the dynamic behaviour of the NL.F.P., regardless

the nature of the nonlinearity.
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(Fig. la, lb) Starting from level 1 and switching the polarization

t of the incident beam from TE to TM and back to TE,

forces the device to call at levels 4 and 3 respectively

(1) H. Thienpont and I. Veretennicoff, "Changes in the

Bistable Behaviour of a Nonlinear Fabry-Perot Etalon

for Oblique Incidence", Laser 67, Opto-Blektronik

Mikrovellen.

(2) K. Seeger, "Semiconductor Physics", Springer Series in

Solid-State Sciences, Vol. 40. p 355.
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TIME INTRGRATING ACOUSTOOPTIC SPBCTRUM ANALYSER

N.N.Evtihiev, N.A.Esepkina, S.U.Bondartsev, A.V.Lavrov,

V. V. Perepelitsa

Time integrating acoustooptic spectrum analyser in comparison

with space domain spectrum analyser provides the possibility of

parallel analysis of radiosignals with high frequency resolution.

Semiconductor lasers and multielement CCD-photodetector improve
their qualitative and practical characteristics. CCD converts the

optical spectrum into the electrical signal and also plays a role

of a buffer, connecting the optical and digital parts of a hybrid

optical processor. Direct injection current modulation of a semi-

conductor laser provides the input of radiosignals into the pro-

cessor. The scheme of acoustooptic spectrum analyser is based on

a hard interferometer. In order to increase the SNR an additional

analogue processing was carried out by COD. The results of the
experimental study of such time integrating acoustooptic spectrum

analyser are discussed.

The compact construction of spectrum analyser, examined in

our work is presented on fig.1. The collimated beam of a semicon-
ductor laser formed by the two-lens device C illuminates the

acoustooptic modulator aperture, excited by a "chirped" ( linear
frequency modulated ) impulse. Waves from two arms of interfero-
meter form the interference pattern in the output plane ( CCD-

plane ). The array of frequences in time domain is formed by the
chirped signal in acoustooptic modulator with changing frequences

from element to element of CCD. The spectral information of the
examined signal is formed as the charge distribution in CCD by
the modulation of the semiconductor laser emission with the input

signal S(t) after the accumulation time, equal to the duration
of the chirped signal. At6A[ semiconductor impulse laser (Aso,&&
and TeO 2 acouatooptic modulator with 10 t% time aperture were

used in experiments. Frequency resolution over the spectrum at a

level of 10 Hz was achieved with the time accumulation of 100 ma

in the frequency range up to 1 kHz. High JNR was provided by the

additional analogue processing in CCD diminishig the noise figure.
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RECOVERY OP SPACE VARIANT FILTERED IMAGES THROUGH THE V IGNER

DISTRIBUTION FUNCTION BY AN HYBRID OPTICAL-DIGITAL PROCESSOR.

C.Gozalo, J.Besc6s and L.R.Berriel-Vald6s*

Instituto de Optica, Serrano 121. 28006-Madrid. Spain.
*INAOB, A.P. 51/216, 7200 Puebla, Pue., Kfxico.

SUMMARY.

The Vigter Distribution Function (VDF) has attracted considerable

interest in recent years. This is due to the fact that the WDF is an useful

tool to hand variant signals, since it is a joint representation in the

signal's variable and in its associated frequency. In optics, for example,

this simultaneous representation of images in spatial and frequency variables

can be used to carry out space variant filterings. The VDF can be generated

via digital or optical processing, the first way has the advantage that it is

not contaminated with the noise that characterizes to optical processing;

however it requires an important amount of computer time, and also it suffers

from aliasing effects (I). Because of this, sometimes is more adequate optical

processing than the digital one, since the computer time is extraordinarily

decreased and aliasing problems are not present

In this contribution, space variant filtered images are optically

obtained through the VDF. This distribution is generated by an optical

processor, which produces the Fourier Transform (FT) of the product function

r(xxo,yyo)=f(x+xo/2,y+yo/2) f*(x.xo,y-yo/2) for each (xcyo) point. The VDF

generated in the Fourier plane in modified with filters that can be changed

for each shift carried out to generate r(x,xo,y,yo), and therefore, each image

point can be filtered with a different mask. A second lenses system gives

the filtered product function (r'(xzo,y,yo)), that is introduced in a digital

image processor in order to select in each step the adequate information from

r(x,xo,y,yo) to recover the image. In accordance with the theory (1) and for

ima with unidimensional variation along the xo axis, the local image power

is recovered when zo is equal to zero in r(x,xo). The image samples are

recovered when xo2z, that requires the application of overeampling, otherwise

the even samples are only recovered. The oversaupling is not necessary to

recover the local Image power, which is given by the digital processor when

it reads at the cetral point of the r(xXo) for each shift (xn). The samples

recovery requires besides the oversampling a perfect knowledge of the

definition domain of r(xxo) in order to make accurate readings at xaxo/2.
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Figure 1 shows preliminary results obtained via the hybrid

processor. A representation (2) af f(x+x./2) f'(x-x.,/2), generated optically,

is shown In the left part for a composite rectangular grating of three

frequencies . In this representacion the horizontal variable is x,:. and x the

vertical one. The different size of domain for the vertical and horizontal

axis is due to oversampling (x~x0,/2). The right part shows on the top the

original Image recovered from its VDP, and on the bottom the space variant

filtered image. In the high and medium frequency regions lowpass filtering

has been used and highpass filtering in the low frequency region.
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Optical-Digital Hybrid Procesor for High-Speed Pattern Matching

K. Ito. T. Nomura. and Y. ichioka

Deparberd of Applied Physics Osaka University

Yamodwk 2-1. Suia; Oska, 565. Japan

SUMMARY

The optical and electronic hybrid processing is a natural way to take
advantage of the attractive features of the optical information processing
and the state-of-the-art digital video techniques. However, several
problems still limit it's range of applications. 1) If a coherent optical
system is to be employed, requisite spatial light modulators (SLMs) with
moderate characteristics are hardly available at reasonable piices. 2) On
the other hand, powerful incoherent optical systems often assume
extremely bright light sources with variable intensity distributions. 3)
The throughputs of hybrid systems are hitherto limited primarily by

Ii the speed of electronic processors due to their serial architectures.

We propose in this paper, a hybrid system to alleviate these problems.
We adopted a rotational shearing interferometer of a variable-shear type
[1] as an optical processor and combined it with a commercially avail-
able digital image processor dedicated for real-time operations (Imaging
Technology Inc., Series 100). The use of rotational shearing interferom-
eter eliminates the problems of SLM. The rotational shearing inter-
ferometer can perform cosine (or sine) transform of an incoherent object
such as an image displayed on a CRT. Furthermore, the interferometer
can readily be designed to collect so much light flux that we can use the
image on the CRT as a sufficiently bright light source. The digital section
is equipped with several frames of image memories and can carry out

frame-to-frame or input-to-frame subtraction and multiplication at the
video rate. Thus, the system throughput is kept quite high. The bias
term is subtacted or added in this digital section to conform the

C ., inputs and outputs to the iAuklnegativity constraints. The principle of the
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incoherent optical processing is based on the well-known Van Cittert-
Zemike theorem. The application of this theory to astronomical imaging
has been studied by many workers and application to image process-
ing has recently been suggested by George and Wang [2] and Marathey
[3].

We will present the principle and implementations of the high-
speed pattern matching along with experimental results. The experi-
mental results will show the distinct potential of the present approach
to the high-speed pattern matching. The results include an output of the
first correlation experiment. A sharp auto-correlation peak of a special
character was obtained among the cross-correlation clouds, although the
system is not yet tuned for the fastest processing speed. The whole system
is schematize in Fig.l. An image displayed on the CRT is cosine-
transformed by the interferometer. The resultant transform pattern is
detected by the CCD camera. The image processor an the optical path
difference in the interferometer are controlled by the main processor.

CR Interferometer

CD PZT Driver

Series loo SUN 3160
Real-time Image Processor

Main Processor

Fig.1. Proposed hybrid system.
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Summary:

MultifUMntional hybrid ontical/digital coprocessor with BOO transnarents
Miroslav Pfibi h, Stanislav Saic

UTIA &SAV Praha, i5SSR

Application of the optical controled transparent PRIZ [1] based on
crystal Bilge 020,emploing transverse Pockel's effect, which is attached

to the microcomputer systems makes it possible effective realization of
the special multidimensional signal processing system [21,[3].

Special processor consists of two optical controled transparent

PRIZ. First one is used for signal input, second one is used for filter
realisation. Filter can be generated by computer or by

standard Van der Lught method. Optical images for inputiinformations and filters are generated in the terminal units.
Controling of the optical processor, images writing on the

{i transparents and images erasing is implemented on the microcomputer LSI

11/23.

Optical processor provides:

1) Fourier transformation

2) Image derivation

3) Second image derivation

4) Laplacian

5) Solution of the equation 9 u -g(x,y)

6) Filtration

7) Image correlation

8) Image convolution

Outputs from the optical part are digitized and processed in the

microcomputer and either again introduced to the optical part or

transmit to the higher computing system.

Hybrid processor can works in the indipendent operation and can be

controled from attached ter-inal.
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Abstract:

Using of PRIZ transparent, which are based on BGO crystals make it

possible effective realisation of the specialized image processing

coprocessor.
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NON CORERENT OPTICAL PROCESSOR WITH CCD "ADD AND SHIFT"

FOR SYNTHETIC APERTURE RADAR DATA

P.ULICH. BMOREAU. D.GOULAR F.BRETAUDEAU, J.RIEHL
OFFICE NATIONAL DE1UOES ET RECHERa-ES AE:OSPATIALES.

ONERA
B.P. 72 - 92322 CHATILLON CEDEX FRANCE

The use of a CCD "Add and Shifr correlator to process Synthetic Aperture R" -qjr
(SAR) data Is a very elegant and useful solution proposed by D.PSALTIS et al ((1) et (2)) some

years ago. However the use of the acousto-optica processor is restricted to "chirp" coded SAR. A
generalized real-time non-coherent optical processor for SAR data, based on "Add and Shift"
correlation process Is depicted. Some problems relative to the use of CCD are described. Early
experimental results are also analyzed.

A natural way to input SAR data into an optical processor is to display the sequence of
return pulses from the ground on a Cathode Ray Tube(CRT). The successive pulses are displayed
on a single amplitude-modulated vertical trace on the screen (column). In case of a coded pulse
SAR (*chirp* or phase coded for instance), we suppose that the pulses are compressed before
being displayed on the CRT. Each point of the column is projected on a line on a matched filter in
front of an "Add and shiftr CCD by a cylindrical lens. The optical processor is shown on fig.1.

CYLINDRICAL
,. /LENS MATCHED

iI FILTER
, CRT

; = CC O

"ADD AND SHIFT"

f F5g-I- OPTICAL PROCESSOR.

After one pulse is displayed at the Input of the optical processor, the whole detection
array of the CCD Is electronically shifted towards the output register (fig.2). If we suppose that
the CCD has N columns on the detection plane, the first resolved column of the filtered image will
appear at the output register when the N+1 pulse is displayed on the CRT. At this point of the
process, a new resolved column of the filtered image will be available at the output for each new
pulse displayed at the Input, giving continuously the processed Image.

CRT

MASK 
TOUPUT REGISTER

f217 A AND WE PR1
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Simulation of this processing shows that SAR angular resolution is preserved.
provided that enough points are available on the CCO In the shifted direction.

Non-coherent light impres the use of at least two processing channels In order to
treat the constant phas of R signal.

The CCD shift frequency depends only on the Pulse Repetition Frequency (PRF) of the
SAR. The problem is that typical PRF& are very low. usually a few hundred Hz. This Is too slow
for most of the CCDs. which are rapidly saturated by dark current. There are only two solutions
to Improve dynamic on the CCD: to find a way to substract electronically this dark current on the
detection plane at each step of the process, or to cool the CCD detection plane to temperature such
as -700C or -1009C.

Another problem is that the matched filter has to be bonded directly on the CCD
detection plane to avoid overlap of Information of one pixel- over Its neighbours. At the stage of
our Investigations this was not possible. So it was necessary to make a separate mask and to
Image it on the CCD the best way we could.

The last major problem is the input of the processor. CRT optical properties are not
very well known, and difficult to control. We are still looking for the best solution . Including
optical and electronical simplifications.

EXPERIMFNTAL RESLTS.
We use a THOMSON TH 7882 CCD(384 x 576 pixels), which was not intended to

work in an 'Add and Shift* mode. We have then made some electronical modifications on the CCD
In order to use It first In the normal way to control the optical adjustment of the system, and
second in the "Add and Shift" way to perform the correlation. The shift frequency was choosen
such that no dark current problem appears during this experiment.

Matched filters were realized on photographic support using a VIZIR type printer
(25tIm resolution). They are imaged on the CCD with an optimiged spherical lens to avoid
aberration. The Input of the system is a Light Emitting Diode (LED) for the moment: we only
tried to prove that *Add and Shifr correlation is possible with the THOMSON CCD.

First experimen spectral analyzer. We use a sin(a y x) filter. When a square wave
at a frequency contained by the mask Is displayed at the input of the processor, this particular
frequency, and all the harmonics written on the mask, are obtained at the output of the CCD.

Second exoeriment chits compression, The SAR signal is typically cos(px2 -*). Wher,
such a signal at input of the processor is filtered by a cos( y x2) mask, one compression peak
is obtained at output of the CCD on the line a y -

C_,NCQLIJSN.

Simulations of experiments proved that excellent results were obtained, once the
optical system was correctly adjusted. To go further we have to solve dynamic problems with
CCD, to get matched filters that simplify the adjustment of optical system, and to solve the
problem of the input of this optical processor.

(1) D.PSALTIS, K.WAGNER Optical Engineering, Vol21, N5 (sept-oct. 82).
(2) M.HANEY, K.WAGNER, D.PSALTIS SPIE, Vol.495 (1984).
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A DIGITAL OPTICAL PROCESSOR
FOR OPTICAL COMPUTING

Francis T.S. Yu and Taiwei Lu
Department of Electrical Engineering

The Pennsylvania State University
University Park, PA 16802

Peter 0. Glanino
Rome Air Development Center

Hanscom AFB, MA 01731
The essential merit of an optical signal processor is its parallelism,

large capacity, high speed and diversified wavelength. In this paper, we
shall exploit the efficient operation of optics and the flexibility of
electronics to come up with a hybrid digital optical processor, which is able
to perform multiple matrix multiplication and bilinear transformations.

A binary number encoding algorithm is intrcduced in order to increase
the accuracy of the optical processor, as shown in Fig.1.

SLM3 C
D

LM1 SLM2 Array

Plane / l /'/ _

N I X2 N3 114 K45

a8101 b.110 ab.11110 c.011 abc.0122210

Fig.1 A Binary Number Encoding Algorithm

Three binary numbers a-1 01, b-1 10 and c-011 are encoded onto three
spatial light modulaters (SLMs) on planes X1, X2 and X4 respectively. The
product abc- 0122210 is detected simultaneously on the output plane X5.
Based on this technique, two digital optical architectures have been
developed. One of the architectures utilizes inner-product method with
grating masks to perform multiple matrix multiplication in parallel. In the
other architecture, systolic engagement is combined with the inner-product
technique to process large matrix. A hybrid digital optical processor-has . .
been developed to implement these architectures, as shown in Fig.2. In this
system, three Magneto-Optic Spatial Light Modulators (MOSLM's) serve as the
inputs and the transformation mask. A CCD array detects the result and

*feeds back to a high speed memory. A microcomputer is used as a data
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controller In the system.

Pian. SUI CLI C L2 = 9I CU CU SLU3 SLI Cmar

'In

1 1g-2 A Digital Optical Processor for Optical Computing

One of the preliminary experimental demonstrations of bilinear
transformations is provided, as shown in Fig.3, where f, and fn are two
input signals, hmln is the transformation function. The output gmn is

displayed on a CRT. This hybrid optical processor is able to carry out
bilinear transformations with high accuracy and moderate speed.

U.-.
t hm ln fn g

Flg.3 An Experimental Demonstration for Bilinear Transformation
We acknowledge the support of the U.S. Air Force Rome Air Development

Center, Hanscom Air Force Base, under contract No. F1 9628-87-C-0086.
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ASSOCATIY MMORY NEURAL NETWORKS WITH CONCATENATED VECTORS
by

E. h *rom, t. by t and Y. Owechkot
Facty of Engineering, Tel-Aviv University, Tel-Aviv, Israel

t Muges Rtworkh Ltoratoi, m eoibu, CA 90265, USA.

The 1 PTer odact neural network model of nssoiative memories stores vectors by means of a
matrix T whore each smonen n suos the Interconnection weights between the it and th neu-
ons Of all stored statel This soe mechanism allows associative recall of iitial vectors (states)

even if distorted or only partial information is available, provided nonlinear thresholding and feed-
back are applied in the process. Extensive published simulation results have shown that the storage
capacity of such a model is merely a fraction of N (the individual vector length), typically 0.15 N.
Most of the models studied that were based on this configuration required that the diagonal Tu
shoud vanish.

In this present work we will look into the properties of outer-product matrix memories and will
question, the role of the diagonal terms as well as the effects of vector concatenation onto the recall
capabilities of such matrices.

The recall proces consists of a matrix vector multiplication, whereas the storage matrix is mul-
tiplied with the initial state vector, to be followed by a threshold operation which generates a new
vector that'is used as a new input vector that addresses the same matrix again. The operation ends
when a steady state solution is reached.

It has been shown that the mean and variance of this result reproduce vector ino with a proba-
bility related to the strength of the inner product, between the addressing vector and the corres-
ponding stored one.

This strong dependence of the result on the inner product, or the peak correlation strength,
suggests that one should consider coding the vectors, so that the resulting correlation function would
provide an improved peak to background ratio. One such coding possibility is to use concatenated
vectors, where the concatenation sequence is provided by a Barker code.

A storage matrix T of size (KN x KN) has thus been used, K being the concatenation order. A
large number of vectors have been stored and later tried to be recalled with no error (i.e.
verification of belongn to the stored set) or with errors. The association proces is supposed to
correct and restore the correct sequence. The processing involved a vector matrix multiplication,
thresholding (set at 0 since vectors in most cases were balanced) and hard clipping (to the 0 and I
level) followed by a repetition of the above. Only synchronous addressing has been tested (all
vector bits adjusted simultaneously at each iteration, if necessary) and the process was repeated for
up to S times for each new addressing vector. If no correct recall was achieved within the five
iterations, the recall was counted as a failure.

Typical recall curves for 1=7, when using the original vector with no error (H-0) or with
errors (1-1,2...) is shown in Fig. 1. The errors were not concatenated, but rather distributed ran-
domly within the I(W bits of the addressing vector. A sngle concatenated error was tested too.

At the same time a large number of false recalls was experienced (Fig. 2). The increasing
number of spurious (false) recalls is indicative of the fact that the interconnection matrix contains a
'built-in test' for concatenation, and when sufficient vectors are stored, a new un-stored conaten-
ated vector is wrongly "recognized' as belonging to the set The concatenation, rather than the con-
teot is thus tested.

The appearance of large elements along several pseudo-diagonaI due to the strong correlations
theA exist between the concatenated sequences, indicates that similar behaviour would probably be
adeved alo by removing the restriction of the zeo-diagonal in the original Hopf ld definition of
the Warcownection matrix. Thi is shown in Figures 3 and 4.

The S.diagoml terms nhance the recognition pnes but make the system lees flexible and
lees adte th rlucinfg isociatlve property. The eror reuction capability is restricted
sine e d ai Wt tsod to preserve the addessim vector in its gives form., The elimination of
the restrIadas s the diasol seem to improve the sore capacity, increasin it so just about N I"
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Real-time Fuier Tramsterand Nologreplic Associativet. N.ROOM with llmtsrufractive Naterial

Chang Suk LUh. lha Kyuark'.l

A 1) s t r a c: L

Iblgrm is firmed with angulr multiplexedl refe!rcse x: Iicm in lWM1i6. Dimple-

te image can be recalled by partial input of original stored image in correla-

S ummna ry

The optical im plemertatiou of associative memory using conventional dichroma-

tic gelatine plate hologram and phase conjugate mirror has been, investigated re-

enutly. but it is impissible to real ize the real-time associative memory with

these methods because the formation of hologram requires much time and stared

data cannot be altered. In these respects. if photorefractive materials. BaTiO3.

DSI etc.. are used for holographic memory. real-time associative memory can be

possible at all range.

In this letter~lme grating is formed in BaTiO3 crystal ( 78 x 5.5 x 5.1m)

by intensity interferenc pattern of object beam and reference beamL T'he experi-

mtal set-p is; illustrated in Fig. 1. Twu original images. PAIIKIIK and 0LICMA.

are Fborier tramsformed! by lens LI in the BaTiO3 crystal with angular mltip-

lexed reference beams R1 and R2 at angle? 7O0.4 o , respectively, where strong

beam cimapl ing orma- between object benman reference hea.

Uhen the hologam is addressed by 'Aso. a partial or distorted input of origi-

nal stored imp A... the output in the first order of the hologram is given by

;so It A.* A.) *Ao +'M( Ao *A)*As
Llb

A"' La. is recomsatrcted isega at the output plum. * and *denote correla-

ties mad a 1 mitiat , mm ctiwly. Vie first term is a desired version of the

dawr object- (adwourelmtWaa while thme secon term is the cross-correlat ion

It order toI imam~. mto-corrlation peak and reduce the cross-correlation.
the sero ardie term of Fourier transformed object is suppressd and higher or der

torn of it are enhanced by edge enhancement oechanism. The ratio of object beas

Ai to fl!Get1 IIs hs Iii is2 : 1. lwuinling times, ur olijas-t At at A2 am IZ,5

oee, resqanCtively, to prevent the easing effect of previously stored imae

drive theim roding Of second imp.

._W 
F* .
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Ilse rir~t *inle ,lifrn-eI be generated by the cirrelation between s.tored
imWg and partial input image is retraced to the BaTili3 using pin hole array and

conventional plane simr which acts as a reading beam liater. P'hase conjugated

ima~e is inverse transformed by lens LI and reconstructed output image is detec-

ted by CCI ammern through [won splitter Mi. Anid real led image is displayedl on

aT monitor. The size of original image is 21 x 4 an ( each character, 3 x 4 me)

and 5 mV lie-We'laser at .6328ism is used as a l ight source.

Complete image is reconstructed by 1/6 partial input of stored image without

P any additional iteration process as illustrated in Fig. 2. It is proved that

shirt invariant range is wider' than conventional holographic system. Moreover

when MiTiO3 crystal is addressed by reference bean RI, PARIIK image is recal led

and by reference bean le , (XIOS is reclled, separately.

Fro. these mecanisms. oir system is use~ful f(N- optical implementa ion or real-

time munwciative memry amid locaLiomnddrs l memory.
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Optical associative memory model with threshold modification using
couplemestary vector

ian Shaopiag, Xu kebin and Hong Jing
Department of Appted Physics, Narbin Institute of Technology,

leilongjiang, P.R.China

Summary

The inner product (or the correlation) of vectors was used to evaluate the degree of the
similarity between two vectors in previous research work about centent addressable associative
memory"'.But, generaLly speakingit is required that all the stored vectors have the same
.agniltude.This greatly limits the number of stored vectors.The reason which the inner product
can not evaluate accuratelty the similarity between two vectors is that the logic zero element
of a vector can not recognize the logic value of the corresponding element of another vector.
For example, if we intend to evaluate the similarity between vector

A 101 010r
and the following three vectors iespectively

B 1011oIIi
C 1001010
D 01011110

The three inner products are
A*B=4 A*C=4 A * D= 2 (1)

Obviously it can not be recognized that which of vectors B and C is more similar to vector
A by the value of inner product.But if we calculate the inner product between the complementary
vector of A

K 01101010
which is contrast reversed version-of A,and vector B, C, D respectively,we get

K -' B=2 X-*C=n a K -* D= 3 (2)
In additionsubtracting the values of the inner product of (2) respectively from the corres-
ponding ones of (I ) ,it yields A* B -X* "B _, 2

A* C- * C ( 3)
A* D-K*D =- -

Apparently the above expression could be a better criterion to evaluate the similarity between
two vectors.
So the degree of the similarity between two unipolar binary N-dimensional vectors

A= (A, A. .. ..... A.)
B= (B, B. ........ B.) (4)

is defined as the following expression

= A4. -e, - (5)
the value of the second term of expression (5) represents the number of elements (or part of

the Hamming distance between vector A and B ) of vector A being zero and the corresponding
element of B being one.It represents the diffe'rece between vector A and B in contrast to
the first term. I
The schematic diagram of optical associative memory model with threshold modification using

the complementary vector in the correlation domain is shown in Fig.i.

Lj L.1 0 LL

vl ;00T

':" : .... .moriy'exper iment setup

Fig. I Diagram" of the optical associative me

V d C represent the input vector ad it $ umptemantary vector respectively at input panel
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voctrs.,Daredetetor oposielyconnected torealize the subtraction of the two inner
prodct f ureslon(5)by ncoportingeletroic ircil. reresntsan electronic ampli-

fierandthrshod crcul.D nd costiuteoutput display panel.
Exprientan diitl smuatin esutsare indicated in tbeIT stored matrix T is

cmoeoftefollowing tre8dmnialvectors

V. 1 00 1 101 0

Table I Experiment and digital simutation results of CAN

Output Digital sivulatiion
Input vector vector Nax C E,: Output vector

0 1 0 0 It 0 1 1 E.= 3
11 0 0 1 1 1 0 2 E, = 3 2

0 1 1 1 1 0 1 0 3 E.= 4
I 1 01 0 1 2 E.=3 2
1 0 1 1 0 0 1 0 1 E,=
0 1 0 10 1 3 E.= 33
1 0 0 1 0 0 1 0 1 -E, = 21

It can be seen that by adequate thresholding the output of the CAM mode( is identical to
the yesutts obtained with digital simulation.An imp roved optical associative memory which uti-
lizes only one memory matrix to realize search and read' Out vector is shown in Fig. 2 P may be
composed of space tight modulator.

Flg~ Digramof mproed jitiat ssocatie 4sory
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Optical Table Look-up Approach to

General Purpose Digital Computing

R. A. Falk, C. D. Capps and T. L Houk

Boeing Aerospace Company
P.O. Box 3999, M/S 87-50
Seattle, WA USA 98124

Recent work 1-4 on residue arithmetic optical look-up tables using
positional (one-of-many) notation has yielded significant experimental and
theoretical results. In these devices, the low dispersion and parallel
interconnect capability of optics is used to simultaneously address the
entire table producing single step addition, subtraction and multiplication.
An incoherent look-up table for performing modulo 3 addition is shown in
Figure 1. The device shown is an extension of our previously demonstrated
fiber optic device' into integrated opto-electronic technology. The device
uses dual substrates; an optical substrate for routing signals and an opto-
electronic substrate for performing the non-linear functions5. As shown,
scattering patches on the optical substrate are used to route light onto
pairs of photoconductive detectors arranged as AND (coincidence) gates.
Equivalent gates are wire OR'ed to drive a photo-emitter supplying the
input for the next operation. Operation rates of up to 10 Gops are
estimated.

The positional notation table look-up architecture can be generalized to
perform any multilevel logic function and allow for more than two inputs.
The defining equation is given by

L (ci, j, .... ,k) - L (aj). AND.L (Pi) .'..AND.L (7k)

where the L's have logic values of zero (off) or one (on) for the each group
of lines (represented by Greek letter) with the subscripts indicating
individual lines. Single subscripted functions are inputs and the multiple
subscripted function is the output. The logic performed by the table
depends on the final grouping of the output lines.

Examples of two-input functions include Boolean logic, modular arithmetic,
single throw switches and multiple throw switches. Multiple input tables
have been shown useful for conversion between number representations.
Recent work6 on coherent look-up tables has shown how they can be
configured into a programmable Boolean gate. We will show how this same
functionality can be generalized to any type of look-up table. Additionally,
tables can be configured to perform programmable residue arithmetic,
latch/register, full adder and other functions.
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Figure 1 Yodulo 3 addition table using dual substrate fabrication.
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The Possible Encoding Approaches In Optical Computing

Liang Minbua Wu Shudong Wang Zhijiang

Shanghai Institute of Optics and Fine Mechanics.
Academia Sinica

P.O.Box 8216.Shanghai China

Encoding is a very important step in computing and in-
formation processing.We give encoding such a definition that
it is a procedure in which operants are represented by some
regular organizations of real physical states which can be
detected by man.Furthermore.computlng and/or information
processing can be regarded as a Procedure of reorganization
of such real physical states.Each real physical state oc-
cupies one space-point.If a system has more space-points.it
has a big capacity to represent more operants.

To evaluate such capacity of a systemwe use parallelity
[11,[2] which is the number of the coded operants processed
in the system during a time unit.Let N be parallelity of a
system,a[ be the number of the operants which have WI word
width.N.* be the number of channels or space-points which can
be afforded by the system.then we have two following basic
equations:

~Nck = IaWi 1

N = Vai (2)

On the situation of optical computing the information
carriers used to encode operants are photons which have such
physical characteristics:intencity(amplitude),phasepolari-
zation and frequency.According to photon's features we make
such a division in which photons have five encoding dimen-
sions(see table I).Pick up one element in each dimension and
combine them,we will have 72 groups which have a possibility
to encode operants.But possibility differs with certainty.If
a certain group has a certainty of encoding ,then photons
under the circumstances of that group should have a feature
of reorganization *which means that information processing
can be realized in that encoding way.How to choose a encod-
ing group is the key to optical computing.

Table 1. Photon's encoding dimension

DIMENSION ELEMENTS
lntensity(Amplitude) dimension two:binary and nonbinary
Space dimension three:l-.2-,S-dimenslon
Time dimension two:serial and parallel
Frequency dimension two:mono- and poly-
Additional dimension three:nome,phase.and

polarization

Providing each operant has a same word widththen

Nth ai W; =aW (3)
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N ~a;=a=Nch /W (4)

Let P represent processing accuracy (its unit is bit).A be
dynamic range of optical information carrier~then we have:

P=WlogA (5)

so N=NdhlogA/P (6)

PN=Nth IogA (7)

PN also meant a processed bit-number of an algorithm,tichlogA
means a bit-capacity of an optical processing system, then
the rule:

PN 96 NCih lolA (8)

should be observed.Hodulate A.the bit-capacity of a process-
ing system can also be varied,accompanied by a variation of
the system's noise-resitivity.

The parallelity of an optical system depends upon the
encoding group that the system uses.From the first two basic
equations and concise analysis we will naturally arrive to a
concluslon:the higher the word width is.i.e. higher process-
Ing accuracy.the lower the parallelity of a system is.Encod-
Ing groups also have effects on a computing system's quality
factor Q [3), I.e.

(PUNCT!ONJ*[Vcomp I

ISTRUCTUREI*CYOLUMEI*(CONSUMED ENERGY]

In the paper we discuss some typical encoding groups
(time expansion encoding and space expansion encoding) and
find that optics has an Inclination of pipeline processingI In which optical parallelism can be realized to the best.
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MIOI LAMMR IN OPTI CAL COM!RS

Valentin N. More soy

P. 3.*Lebedev Physical Institute, Academy of Sciences of the USSR,
Moscow, USSR

Introduction

Optical computing needs sufficent]Y powerful and bright sour-

a of radiation with highly effective transformation of pum-

ping into the coherent radiation and small size, because their

number may be quite appreciable. Diode lasers provide the best

choice in termns of the power assumption and size. At the same

time, diode lasers have enough coherence for the image recons-

truction from holograms and match filtering. Moreover, logic gates

may be built around DL, and DL may be integrated on the chip

with electronic control circuits, photodiodes etc. Integrated

opto-eleotronic circuits may be designed with various logic and

arithmetic operations.

Basie Dparameters of ML.

Today most popular are GaAlAa/GaAB and GaInAsP/InP ML. The

continuous output power varies from several to several hundred

milliwatt. The lifetime in more than 100.000 hours and the relia-

bility is steadily improving. 1QW ML are developed with small

threshold current, high quantum efficiency and weaker temperature

dependence of the threshold current. Threshold current of 1-2

m-A is achieved. DL emitting perpendicular p-n junction are

created.-

Genertigg of short Pulses -by Z"

Uwrt pulses of Light are necessary for optical omunication

in optical computer and. for switchng -logic gates. Optical comu-
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nioation equires a bandwidth of several Gil, and logic gates

are switched by picosecond or even short pulses. Controlled gene-

ration of light pulses with 10-100 ps duration and up to 10 GHz

frequency is provided by high-frequency current modulation and

psec-long light pulses are generated by means of various mode

looking techniques. The summary results of the generation of

short pulses by DL are presented.

riting and reconstruction of holograms by DL.

Hlistorically, the holograms studies were using gas lasers

radiating in visual range due to their high coherence and the

availability of high resolution photographic material sensitive

to the visible-light spectrum. DL devices for optical computing

and storage based on holographic technique needs to develop

proper photoplate and experimental experience. Results for

recording and reconstruction of holograms with DL are reported.

Optical computing demands optical memory for fast input of di-

gital picture to processing scheme. The holographic storage gi-

ves possibilities for data input rate of 101 2bi't/sec cor-

responding to throughput of future optical computing. Basic

design of holographic memory with DL is reported.

Interation of holorams with optical waveuide.

The possibilities of integrating of holograms with optical

waveguide is of great importance due to the fact that integrated

optical modulator, switches and deflectors have high speed and

small control voltage. Such an integration improvs functional

000eMs1i*tis of optoeleotrnc 1ntegrated circuits. If M are us
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as radiative source small-sie multi-functional optical com-

putIfg circuits become feasible. The results on waveguide hologram

recording nd reconstruction are reported. High efficiency

of 60% in a remarkable feature of waveguiding holograms. The re-

suits of match filtering with waveguided hologrme are presented.

Optical lozlo sate on D.

D-based optical logic gates were proposed by N.Basov as

early as in 1965 and were implemented some years later. The first

integrated optical logical scheme on DL will be shown. Development

of L technology and improvement of their parameters took 20 years.

It was largely motivated by the need to introduce DL into fiber

coimioation and videodisk system. It seems reasonable to turn

again to the DL-based logic gates because they are the best

In terms of the requirements to digital logic gates, on the one hant

and enable integration with electronic control circuits and pho-

todiodes within the same crystal, on the other. The properties

of bistable diode laser will be reported. Version of DL logic

gates combined with photodiode is discussed to improie fan-in

and fan-out characteristics of optical logic gates.

nftztln of & with electronic circuits.

The strategy of designing components for optical computing

must take into account the experience accumulated by electronic

technology. The logic components for optical computing should

enable integration into a single integrated circuit. The state

of art of Integrated optoelootronies circuits is discussed brie-

fly. fte scheme of optical Interconnection in V3. cirouits based

on ZL mvegudee holograms and electronic counterpart will be

presented.
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The treatment of possibilities of DL demonstrates that they

provide a unique way for optical computing. The development of

Intgrated circuits having optical input and output would be en

Important step towards high performnce optical computers.

Designing of large-scale integrated circuits having optical

input and output and connected to the optical schemes would lead

to joining the philosophies of electronic and optical computers

into a single one featuring the merits of both.
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Eletr~plc olyerWavegulde Devices

A.j. TOr. L ThdM& IUsro 111sr G F.1ecoinR. yls1

Inritee Rssud aid Developimn ivisio

Thin polyiner am we strong cudaI mteadt for Constructing electro-optical
(10) wed nanfts--opical (NLO) wavegulde devices. These lime can be engineered to

6 ~have good opicil qualites, @nW they can havie EO figures-of-merit comparable with
ithium nlibate. They hae low -microwave dielectric constants compared to more
coniventionlal E0 materils, sllowing the propagation of micowave signals and oplical
signals to be better matched, promising much higher bandwidth devices for a given level
of development Standard methods for forming these fims are simple spin-coating or
dooeftn. T1here Is generally no need for extreme temperatures or pressures or for
crystlgrwn techniques In the processing of these fim. These properties make
polymer films attractive materials for optca waveguldes. in this presentation we shall
describe our work on ut~lzn the propertes of these films In the construction of EO
wavegultle devices and some results of these efforts.

Glassy (amorphous) polymer films do not poses a second-ordler polarizabllty.
Hence, after formation by conventional coating methods, these films do not exhibit a
linear EQ effect. To make the fim suitable for EQ devices, one must Induce a molecular
alignment to create a macroscopic second-order polarlzablity. Singer, Sohn, and Lalama
(Appi. Phys. Lett. 49, 248 (1986)) described an electrical poling method to
accomplish this. The poling Is done by heating the film above Its glass-transition
temperature, applying a strong electric field to partially align the dipoles of the
polymer molecules, and cooling the film with the field applied to *freeze* the alignment
Into the film. When the field Is removed, the alignment remains, and the film.can exhibit
linear E0 effets.

The microscopic linear polarizabifty of most optically useful polymers Is
anisotropic. Consequently, the poled films exhibit uniaxial birefringence, with the
extraordinary axis oriented along the direction of the poling lield and with an
extraordinay Index of refraction higher than the Index In the unpoled fim. This effect
can be used to create channe waveguldes; by selectively poling the film only In the
region of the desired channels. These areas can then function as channel waveguldes for
light polaized parale to the original poling field. By poling the fLkn In a given pattern,
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1111 E* swcespllul and wevegulde pattern are created In a singe process. This gives a
MINIUM*b 61h111111 VWy to 1e OWd puwty to duplicate, waVulde devices.

We have used, fs seleei*Pftn techinicue to wiliest some comnmon waveud
deOvics I lis made from polyme Samples provided by Hoechst Celmnese Research
Division WHORD). These devices Include traveing-wave phase modulators. Y-branch

IN grmer, and MuNIiode dWrecti"a ceeilers We have demonstrated guiding In
the chow*el of these devices and EO operation of their Intended functions, including
trVelng-w phase modulaion at frequencies upi to one gigahertz using this selective
POW*i teChniqu to defin channel waveguldes promises an easier route to the production
Of wavegulde devices reqirin more sophisticated patterning. The process In general
aMs hint at the possiblity of staciting layers of patterned films to produce three-
dimensional collections of wavegulde devices. With these qualities In mind, we have
deSsigned aNd are fabricating EO multolexters, demultiplexers, and crossbas that take
some advatg of these desig freedom The optical switches we have designed promise
greater crosatak rejection than Is found In the simpler patterns of conventional EO
wavegulde switces and the concepts developed In the design of these devices also show
ways of switchin optical signals between layers. In this presentation we shall review
our recen work on poled-polymer channel-wavegulde devices, and report performance
results and characteristics for these devices.
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B. Imbert, ff. Rajbiebach, S. Nallick,
J. P. Berrien and J. IN kuignard

Tboinom-CSY, Laboratoire Central de Recherches,
Doumaine do Carbeville, B. P. 10, 91401 Orsay Cedex,:France

Telapbonet (1) 60.19.76.56

The photorefractive behavior of semiconductor materials io receiving
much attentien for applications involving high nonlinterarities at
waveleugths cempatible with solid state lasets. bulk Ga~s and InP
semicmnductors are currently examined with rerds to achieving efficient
interactions In wave mixing experimet.ft1 4 '

Im this paper, we present the characteristic% of Ga&s:Cr and InF:Fe
photorefractive amplifiers with applications to image amplification, phase
conjugation and Self-induced oscillation.

The experimental set-up for two bean coupling is shown In Fig. 1. A
low power cw diode pumped TAG laser (40 mg, I . 1.06 me) provides a signal
beam I S and a pump bues Ire whose frequency is Doppler shifted by
reflection on the piesomiror N (moving grating recording mode). The
experimental gain coefficient is measured as a function of the most
influencing paraseters (fringe spacing A, Input bean ratio 13, pump bean
intensity Ire, fringe velocity v and externally applied voltage V,). Gain
coefficients as high as 6-7 csr' are observed for the first time in
semiconductor GaAs:Cr for the following optimas recording conditions:
A - 18 MeU, is) 103, 1 a a 50 mV/ca', v a1 me/sec and V9 a 5 kY
(interelectrode distance 5.6 am). fit. 2 represents the exponential gain
coefficient as a funtion of the fringe spacing and shows the bandpass type
characteristic of GaAs amplifiers.

The large values of the gain obtainable in a wide range of recording
conditionst4 w permit the amplification of near infrared complex wavefronts.
A binary photographic transparency was inserted across the signal bean
pathl the amplified image Is shown in fig. I.

Self-induced optical ring cavities can be implesented when providing
the GaAs amplifier with an optical feedback (Fig. 3). The oscillation Is

selt-starting at the optimum matched frequency detuning (a 10 Hz). No
input signal Is necessary since the optical noise due to the pump beau is
sufficient to generate a weak probe beam which Is then amplified after each
round trip in the cavity. When the direction N1-N2 Is chosen so that the
fringe spacing A - 1/isinO is optimum, then more than 202 of the pump beam
Is transfered Into the ring oscillator in less than 30 ac

(1, a30 mVcu2).
Phase conjugation Is obtained when a third beau 1,, is added to the

configuration of Fig. 1. bean Ils Is contrapropagating to Ir* and
generates the phase conjugate replica Ic of the uinal I.,. The
reflectivity Rt - I.I. measurements will he presented. In particular, the
conditions for which R > I will be discussed theoritically and
experimentally.
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TIZM-AND-SPACE DQ4AIN HOLOGRAPHY AND OPTICAL INFORMATION

PROCESSING BASED ON PHOTOBURNING OF SPECTRAL HOLES

KXK.Redb4w," R.KXo&arli, PMo.Saari and A.KoRebane

Institute of Physics, Estonian SSR Academy of Sciences,

Tartu 202400, USSR.

.IV High spectral seledtivity peculiar to photochemical

hole burning. enables the Fourier spectrum of pulsed light

fields to be recorded persistently in the medium. On this ba-

sis the common holography has been generalized to the time di-

mension, 'i..e.' to recording and playback of the temporal evo-
lution of object scenes [1-3.].

2. Isotropic distribution of photoactive molecular impu-

rity centres in hole burning media enables the polarization of

the Fourier components to be recorded. On this basis further

generalization results in such a holography which precisely

corresponds to the exact meaning of the term - "complete re-

cording",. i.e. a holography where restored light fields are

completely identical to the stored ones and play back both

spatial and .temporal dependences of the electric vector of the

object field [4).
.3. Recording of object signals is based on pulsed photo-

chemical hole burning [33,. readout, on the phenomenon called

photochemically accumulated photon echo [1. Temporal dura-

tion of the scene is limited by the irreversible phase relaxa-

tion" time constant T2 of the resonance transition in impurity

molecules which in the case-iof the media used for experiments

is sme nanoaeconds. Temporal resolution is limited by the re-

versible dephasing.time constant T2 (reciprocal width of the

inhanogeneous absorption band) and comes to some femtoseconds

in the case of the media used.

4.. The physical background of the theses listed will be

presented in the paper and possible applications of the time-

and-space domain holography for optical data-processing will
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also be discussed; such ast

- processing of picosecond signals: (a) algebraic stumma-

tion; (b) spatial-temporal convolution of signals by reading

the hologram of one signal by the other signal; (c) filtration
of spatial and temporal frequencies by transmitting the signal

through the filter-hologram; (d) wavefront conjugation and ti-
me reversal of the signal by reading the conjugated wave from

the hologram;:

- a synthesis of picosecond optical signals through the
scattering of pulses on a hologram constructed by means of
PHB on exposure to a tunable laser or some other light source
with appropriate spatial-spectral parameters;

- recognition of picosecond-domain events - the genera-

lization of the holographic method of image recognition. If
a light signal is delivered to the hologram, which coincides
with one of the signals recorded on it earlier, and if the
outcoming light is focuased, then a 6-shaped pulse appears at
a definite point of the focal plane;

- playback of an event by its fragment through the ge-
neration of a phantom event and constructing an associati-
ve memory;

- parallel information storage (and playback) into the
spectral memory.
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A Light-Emitting Optical Switch

Jacques L Pankove
Center for Optoelectronic Computing Systems

University of Colorado, Boulder 80309

The device consists of a pnpn structure where the outer two pn
junctions are forward-biased heterojunctions, while the inner pn junction is
a reverse-biased homoJunction. The inner two layers are made of a direct-gap
material, while the outer two layers have a larger energy gap. In operation,
the reverse-biased central junction breaks down when light is incident on the
device. Upon breakdown, the forward-biased heterojunctions inject a high
density of electron-hole pairs that recombine radiatively in the narrow-gap,
central layers. The structure can be shaped into a colinear surface-emitter,
where the triggering light enters one surface while the output emerges from
the opposite surface. In an alternate arrangement, the structure forms a
Fabry-Perot cavity by cleaving opposite ends, while the triggering light enters
through one of the wider gap surfaces. Such a structure forms an injection
laser. The triggering light may be of the same or shorter wavelength as the
emitted light. A trade-off is available between efficiency and response time.
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Optical Techniques for Increasing the Efficiency of Tree Search Algorithms

Iichael W. Haney and Raviadr A. Athale

BOH Corporation
7915 Joes Branch Drive

McLean, VA, USA, 22112

ABSTRACT

Optical implmentations of Boolean atrix operations are proposed to increase the search efficiency inSforward checking algorithms for cosistent labeling problems.

SIn troduc tinlfackorondSUMR

The tree search or graph matching problem is ubiquitous in Artificial Intelligence. Applications
areas include: scheduling, theorem proving, and scene labelinglinterpretation for computer vision. In general
these problems have exponential time complexity and become intractable rapidly as the number of variables
grows. A large body of research has been dedicated to developing "tree-pruning' techniques, which use forward
checking to increase the efficiency of the search. These techniques attempt to avert the combinatorial
explosion by using the relational constraints of the problem in local graph operations (arc and path
consistency checks) to reduce the complexity of the search tree. Under worst case assumptions, forward
checking itself requires exponential time; hosever, for many real world problems, it does increase the
efficiency of the search Ill.

A tree search can he formulated as a consistent labeling (CL) problem (2], in which the goal is to
assifn a label, from a set of L elements, to each unit, from a set of U elements. U corresponds to the number
of levels in the search tree and L corresponds to the number of branches at each node of the tree. Not all of
the Lu possible assignments are pereited by the problem constraints and the goal of a forward checking
algorithm is to rule out, in advance, those partial libelings which cannot possibly contribute to a CL, where a
CL is defined as a labeling of all U units in which all of the labelings are simultaneously compatible with the
problem constraints.

The initial problem constraints are given as tuples of units which mutually constrain each other,
along with the sets of allowed labels for each tuple. Here we restrict our attention to binary constraints.
Many interesting problems in the application areas mentioned above can be cast as CL problems with binary
constraints (31. For such problems the constraint data can be represented as Li Boolean matrices, R,,j, one
for each pair of units (i,j) that constrain each other (21. The L rows correspond to the labels of unit i and
the L columns correspond to the labels of unit j. The presence of a I in a matrix indicates that the
labeling of that pair corresponding to that row and column is allowed by the problem's initial binary
constraint. Note that if two units are not given to constrain each other directly, then the initial constraint
matrix corresponding to that pair would consists of all Vs and contains no useful information about how that
pair of units ight ultimately constrain each other through induced constraints.

In this paper we Investigate the potential for Improving the efficiency of the search by applying
highly parallel optical Boolean matrix operations to the set of constraint matrices. The purpose of these
operations is tuo-fold. First, we want to remove, froe the initial set of binary constraints, as many as
possible of those that do not contribute to any consistent labeling. This improves the efficiency of the
search by reducing the size of the domain of allowed pair labelings that must be checked during the search
procedure. The second purpose in manipulating the constraint matrices is Io make explicit those unary
constraints that are Implied by the Initial set of binary constraints. These induced unary constraints can
then be applied directly In the search process to prune the search tree.

Optical Matrix Manipulations for Prunino the Search Tree

It has been suggested that the Boolean matrix operations of intersection and composition (Boolean
matrix multiplication) can be used in forward checking (21. In this paper te propose that these operations can
be combined with two othersx unary constraint detection and unary constraint propagation, to compote arc and
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Nth consistent networks Which Will increase the efficiency of the search. Furthermore, for increased speed,

all of thes operations can be implemented optically, using esta lished low accuracy analog linear algebraic
techniques, followed by simple electronic monlinarities.

The use of intersection and coNposition in -a foruard checking operations is as follows. Given a
constraint matris relating units I and j, Ri.j, and other constraint matrices R,., and Rt.j, we can create a
an constraint matrix:

R' j lt.JkfkhjI (11

where '' indicates the intersection operation, which is an element by element AiD, and W indicates a
composition operation, which is a olean matrix multiplication. Composition takes precedence over
intersection. The induced relation R' replaces i and is a stronger constraint between units i and i because it
now takes into account the influence of an intermediate unit (k) along the path and not just the single arc
hetween the units. Even stronger constraints can he derived by intersecting R',.j with other Induced
constraint matrices derived from the composition of matrices along other paths between i and J. In practice,
this operation would he performed on all constraining pairs of units to some level of path length.

The operation of unary constraint detKtin is accomplished by examining each of the current set of
binary constraint matrices for the presence of a row or column containing only I's. This situation indicates
that the unit associated with that matrix can never he assigned the label corresponding to that row or column.
This can be detected by performing an OR operation across all rows, and then all columns, for each of the
constraint matrices. If an all zero row or column is found, then the resulting induced unary constraint can be
propagated to all other contraint matrices that share the same unit by zeroing out the associated ro or column
associated with that label and nit. This may lead to the discovery of new induced unary constraints which can
he detected and propagated until a fixed point is reached.

Note that Equation (I) can also he used to generate new binary constraint matrices which relate pairs
of units not originally given to constrain each other. These new matrices are included in the process because
they Nay produce new unary contraints which can be propagated into the original set of constraint matrices, as
well as be used to directly prune the search tree.

The operation of intersection can be implemented optically via image multiplication by
representing the constraint matrices as binary images, while composition can be implemented by analog optical
matrix multiplication, followed by thresholding to restore the levels to I or 1. Unary constraint detection is
achieved by focusing the light passed through the matrices along each dimension separately and detecting the
presence of light with a 1-0 threshold detector array. This achieves the required 00 operation across all rows
or columns sioultaneously. To propagate the induced unary constraint the resulting thresholded l-D data, Ri).
is transformed into a light signal, spread out into a 2-0 array, and multiplied by all other matrices, RI..,
which share the unit that has the unary constraint. For constraint matrices which involve the unit I as the
column Index, the transpose, RTk.A is used.

Conclusion
Low accuracy, optical matrix processors with nonlinearities (optical or electronic) have been proposed

by Suilfoyle for Optical Numerical Computations, by Psaltis and Farhat for Optical Neural Nets and by Caulfield
for Logical Inferencing. In this smmary we outlined novel applications of these architectures to a generic
and important problem in symbolic computing, namely tree search. Two new optical loolean matrix operations
were also defined that are critically important to problems at hand.

References
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HOW TO TRAIN A FIXED INTERCONNECT HOLOGRAPHIC NEURAL N TWO,X

H. John Caulfield
Center for Applied Optics

The University of Alabama in Huntsville

Huntsville. AL 35899

Page oriented holographic memories offer the potentiality of truly

massive interconnections. in particular. it should not be difficult to

make somewhere between 10' and 1012 interconnections In parallel. This

gives optics a capability that electronics can never match. On the other

hand, this interconnection pattern is fixed. For many purposes, this is

quite satisfactory. Learning can be done off line and incorporated into

holograms. The fixed learning holograms can carry out all of the opera-

tions for which they were trained and. of course, innovate when confronted

with new situations not totally different from those used in its training.

These neural networks can have many uses. but the most obvious of them is

controlling any sort of plant or operation.

There are a variety of applications, however, in which we do not wish

to encode off line learning into the hologram. We mentioned two of these

here. First, we might wish to make the neural network adaptive. That is.

we might wish to let it retain the ability to learn. Alternatively we

might wish to avoid the necessity of making a new hologram for each new set

of learned behaviors. Perhaps we could make one hologram that connects

everything to everything and then find some other way to have that system

learn specialized tasks. Of course, if there is a Zeneral solution to

either of these needs, it will apply to both. We offer below such a gen-

eral solution.

Before proceeding, we do need to remark that optics allows us to

adjust the "threshold' of each neuron in parallel simply by shining the

F'-"L proper pattern of light on the nonlinear optical elements. While this is
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not a good way of doing adaptive learning, it is a good way of directing

attention. By proper patterning, we can favor some operations 'over-*

others. This is somewhat akin to postulated methods whereby biological

neural networks change function when bathed in the appropriate chemical.

e.g. adrenalin.

We must first consider a two layer neural network. by spacing one

spatial light modulator in contact with the first layer and a second one in

contact with a second layer, we can easily show that we can program a vec-

tor outer product or rank one matrix into the Interconnections between

those layers. The reason we use a spatial light modulator Is that a 2-D

array of neurons is required to utilize the tremendous interconnect capa-

bility of optics.

Using our favorite learning algorithm (whatever that may be). we can

derive a matrix which does the best job of converting the input into the

desired output. By doing a Singular Value Decomposition (SVD) on that

matrix, we can produce the best rank one representer of that matrix and

encoded on the spatial light modulators.

Let us now add a new layer. The interconnects from the input to the

second layer will be fixed as those values that the SVD of the derived

matrix produced. Now, we Input information into the usual place and vary

only the interconnections between the second and third layer. Using our

favorite learning method, we can arrive at an optimum matrix for converting

the input to the system into the best possible output from the third layer.

We then SVD that matrix and Insert It into the system on the spatial light

modulators.

It is clear that this process can be continued until we achieve satis-

factory performance. Experienced users of SVD know that the singular val-

ues fall off very rapidly. This is true for the linear addition Implied in

SVD. With the nonlinear steps involved here. it seems likely that we need
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far favor them, the in layers it would take to insert as many modulation

a* ccomplish mspupss xemetletsof ti prahaeson
Of oure. f w hae suficentnumeror neurons and inter-

Connections. we cnImplomeat tefirst several or many terms at the SVD In

parallel spatially. We simply divIde the Input and output arrays Into

region* which individuially Implement the outer products contributing to a

matrix wee have designed. Finally, of course, the first method described

(pipelining) and the second method (parallel) are mutually compatible. we

might, for example. Implement the first four terms in the SVD in parallel

In each layer and then pipeline layers of these.

Clearly, massive fixed Interconnect holograms can be used to make mas-

sively Interconnected neural networks that are adapted If we Introduce mod-

ulation with spatial light modulators.
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Optka.1 SymbNc.lk uis.toUrc ad Pattwu aemte Al i
Bed nBinary Iage Alera

K. S. Eusag 3. K. Jenkins, A. A. Saw&4z
Signal sad Imae Prom..isi; Istitute Department of mhetrical Eagineering.

Ugmrot of Souther California. Lou Angeles, CA 90094M.2 USA

Ins"ia sigelhm 10111 O mprov, theW spend et Ia 'bipns ybofi syubti utit elaoicolenlgc nprlll(]
371011 spubde lhmt~s 1110 Iuvto inglwa ne 1)kc resaiiged oicaonst can spuatina mrhTter wthine 3bt i-D

nputdataand I Woodmtu a (a* aas lle at-patwhetinevete l ch-atemuis e reonise. A il ntat ins [2] IA

W &M usdt to reing m a h sm olic fus~u~nle deltynsd booiy o yblcsusiuin

wheeX is the 2-D input data, AR. (RI,RA,) is the reference image pair corresponding to the search-pattern (RI and R2 define the
Impegound sad the background of the smarchpattern respectively), A defines a rellectedl reference image given by 11 - ((-z. -y) I I
(x,v)e A). Qis the ralscatmge correspondng to the replacvzasatptter, P*denotes the hit or niss transform which is
the p&ar worse, W denotes the er6 a operation, ad W~ dentes the dilation operation which is the pattern replacement
op erator. 7b work with more than ame rule (say p substitution rules) ion practical applications, a symbolic substitution system (Fig.
2) produces, several eeplas of the input X, provides p different recogniser-eubstitater unite, and then combines the outputs of various
unite to kern a new output. 7Tus, a symbolic substitution system is implemented by

U(X 0I&O) 0 * (2)

where .RO' and QMI, i- 1, 2,.p, are the reference image paii. and replacement patterns in the 1 ' symbolic substitution rule.
This then, is the BL4 formula for general symbolic substitution.

However, in many cam the above form in inefcient and can be reduced to a relatively simpler form or implemented in a moreefficient way by using somet BIA algebraic techinique.. HRen are some exnsmpls 1) the full recognition can be implemented by only
the background or foreground recognition nder certain conditions; 2) if Q(') =,tbc 0* symbolic substitution rule in Eq. (2) is
not needed (eg. the four rule of blnar subtraction in simple intensity coding of arithmetic data can be reduced to only two rules
(2]); and 3) if QV') - Q for all 1 S i p (this haplpens in those case that a danm of search-patterns is defined by a set of reference
image pairn 0), - 1, 2,...,p), we should combine the results ofthe hit or miss transforms first and then replace them by the same

replacment-attr Q instead of implementing p substitution units for realising the same substitution step, i.e.

(U X eR"') 0 Q. (3)

The practical difficulty with the implementation in Eqs. (2) and (3) is that the hit or niss transform is only efficient for the
shift inveriant recognition and would require a lawg number of iotaicate reference image pairs to perform the recognition step in the
presence of changes in scale, rotation or boith. Thus, it might be too Costly to implement scale and rotation invariant recognition of
intricate patterns for symbolic substitution based on the aboe" formula. For example, if we want to substitute all *square patterns'
in an input image by the some character 'S', it would be very inefficent to use the above symbolic substitution implementation
techniqes.

lb solve this kind of scale and rotation invariant problem, here we recognise all the desired patterns by reversing the growing
procedure of a fondly of patterns.W Th azily defines all patterns in the presence of changes in scale, rotation or both, and transforms
all the desred patterns into their original seeds, which are isolated single impg points. We have developed a description of this
procedure in tes of 3M. For brevity, here we describe only the case of shift and scale invariant recognition. Suppose we want, to
recognise all square patterns with Miferest scales and locations in the input image X (e-g. Fig. 3(a)) and to produce the output
image Y (.g. ftg 3(b)). The premiere is: 1) determine a growing sequence of the ded patterns Tj (eg. Fag. 3(c)), where
0.- i: sa &W m n hslats of the desired paterssexo; 2)lAd as=& set of podfeenimage pirs {R(D)) (e.g. F*g 3(d)
hW only a smal ideens imag pairs f6oe wcegnilg, eli square objects with diffsaust ac"le) satlefing sme criteria, where each

idrump lairain f(5()) correspos toa pas ifeseilhboeood of agiven hropegrmage pointIn a pattern Z4 1 im
mA whan panews- state in tde pattern V-.a is a bechround point; 3) transom the desred pattern Zi, i s 1, 2,..., on in the 2-D input
imeieR X a X(e) ist. their esiginal maede (Le. To which contains sue and only onm 6,reg ad Image point) by the esivat relat

a-MXoh)Us,.X W)@R(, laes ha- ndw 4) plekup 6eelglsl snbby Y- X(I.,)Q wheseQPg (
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f~ ~ ~ ~ ~ ~~11 C 9e lnns . l" I5"'aed 40W PO as doe esater ad Y is the Axal -regl Won output. By
esh~th - .gse ---- -e-~dtepWing .sNkM Of 8661 PsatMas w01 Call Gxted 4h10 and scale lawarannee@

SC3 54~* mi abw4pi6n t~e m dlas depend a am - e diameter of the largest
d"ked P"45mm, vat a"s efte uueeasao of daten ieses of d the o whel age.

A ftml so"m -bn I wo rom" (DOM) [LI ji)implnno Al %%a above algaritlaus of symbolic aatituatiaa ad
p"W5m smIg 4 Ua~ NM d 41cst wa ampajed fie a symbolic substttio peocaso (Iig. 2) with p Aied recogalaer.
esbmsite NMaLts The DOC37 PsmuNAmgIm Sham algtme WE be EMMUVAMed
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A UNM OPTICAL. SYMBOLIC PROCESSOR
Davtd Camsemt amd l11sabeth Botha

Ca i Mls. Univemity

Center for Excellence in Optical Data Processing

Department of Electrical and Computer Engineering
Pittsburgh, Pa 15213 , UJA

Abstract

An optical symbolic processor that performs logic, numeric, morphological and

propositional calculus operations is described and initial laboratory results are presented.

summary

An optical correlator can be used to achieve the symbol recognition and symbolic

substitution atep in a symbolic processor. A cascaded optical correlator architecture
that can achieve this is reviewed. The basic system uses one fixed set of filters (one for

each lapst symbol digit pair) and a second set of multiple filters or adaptive filters (these
determias the substitution rule used). A multiple-instruction multiple-data version of

bsies ariteeture is described. By changing the second set of filters (or by acessin.g
difer0St Set of frequency-multiplexed filters) one can control the function or operation

that the processor performs. Specifically, by accessing different sets of filters, the same

architecture ean be shown to perform all logic and numeric functions. The specific

substitutim ruln required are listed and a new optical architecture to achieve the

required multiple filter bank access is described. A more near-term architecture system

using multiple laser diodes and a multichannel AO cell is also described.

We show that the sme basic system can implement the fundamental morphological

operations of erosion and dilation and the closure and opening functions and thus how it

can achieve morphological image processing. We then show that the same basic

architecture can achieve propositional calculus functions (i.e. if-then decisions) and

operate an an inference machine.

Iita optic laboratory demonstrations of the bsic logic, morphological and

propouitioNal calculus operations of the system will be included.
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ABSTRACT:

Conclusions on Optical Computing

Adolf W. Lohmann

University of Erlangen, FRG

Everybody agrees: parallelism is the major asset of optics

for data processing. Opinions differ on questions like analog

or binary, neural processing or number crunching, what is the

best nonlinear material, where are the ultimate limitations.

255/5



Iv

71 v



ACK6IN, 9. 3 64 COMTE, D. B4 88
ANDONOVIC, I. C, 70 CONTE, D. 91 81
ANDRES, P. P214 145 COTTER, L. Ds 154
APPIL, J. C2 73 CROSSLAND, V.A. A 14
ARSENAULT, N.H. Pt05 32 CULSEAW, B. Ct 70
ATUALI, R.A. CT 247 DAINTY, J.C. P209 137
BARNARD, Z. Ds 158 DAS, P. Pill 44
BARREIRO, J.C. P214 145 DATTA, A.K. P106 34
BASURAY, A. P106 34 D BOUGREMET, J.L. E3 62
BAZARGAN, 9. P209 137 DE CUSATIS, C. pill 44
9AZNBNOV, Y.Y. A7 116 DEIACOURT, D. P:03 203
BDAUDIT, P.R. Es 172 DENALEPRADE, P. Ptl3 48
5ILOTITSKII, V.I. As 97 DEVOS, F. E6 167
BELOVOLOV, M.I. As 114 DIAMOV, N.H. E, 58

RNRIuL-VALDOS. L.R. P*07 211 DIANOV, N.H. As 114
BISCOS, J. Pv07 211 DONANSKI, A.W. P205 129
IAM, S. P314 225 DOREY, J. C2 73

SIGNER, J. Ds 154 DUFRESNE, E.Y. P210 138
BONDARTSEV, S.U. P.06 209 DUHONT, H. P302 201
BONE, H.F. A2 14 DANDLIKER, R. E4 64
BOTHA, Z. E14 254 EFRON, U. P312 221
BOTINEAU, J. P01 199 ESEPKINA, N.A. P.06 209
BRADLEY, J.C. Es 172 ESNAGIA, N.M. Eut 187
BRENNER, K.H. Es 165 EVTIHIEV, N.N. P306 209
BRENNER, K.H. 91 57 FALK, R.A. P315 227
BRETAUDIAU, F. P.10 217 FEINLEIB, R. Di 20
BRUN, A. P303 203 FRACES. H. 84 88
BRUN, A. Pj02 201 FRIEDRICH, E. P206 131
BYKOVSKY, Y.A. C4 77 FUKUSIIHA, S. Es 181
CANDON, P. Z. 62 GARDA, P. Es 167
CAMPBELL, R.J. At 10 GEORGIOU, C.J. Be 108
CAMPOS, J. P105 32 GIANINO, P.D. P11 219
CANVA, H. P302 201 GILES, CoL. Cs 193
CAPPS, C.D. Psl5 227 GLASER, I. Pz07 133
CASASENT, D. Z14 254 GLASER, I. Eli 185
CASASINT, D. Do 158 GOWZALO, C. P307 211
CAULFIELD, N.J. Di 249 GORECKI, C. Pll 139
CAULFIELD, N.J. P208 135 GOULAR, D. Palo 217
CNALASINKA-NACUKOW, K. P.05 129 GRIFFITH, P.C. B. 105
CHANG, S.O. Ps13 223 GU, X.G. Dl 19
CHARLOT, D. P210 138 GUILFOYLE, P.S. E4 191
CHAUVI, C. Iio 183 HANEY, M. V. C? 247
CIAV9L, P. Eli 185 HARTMNN. A. B. 86
CEAVEL, P. ZIi 183 HASHIHOTO, M. Pals 52
CUAVEL, P. 1. 167 HASKAL. H. B, 82
CEAVEL, P. Pl13 48 IAYASAKI, Y. P1l4 50

S. CHEN, L.X. P.16 148 HAYASHI, I. A3 93
CEVALLIIR, R.C. D4 155 NERSEAW, P.D. Ba 82
CNITTICK, R.C. As 14 BRRIAU, J.P. As 239
CIUROUX, P. B4 88 IISSZLIIK, B. A. 12i coIJArr, J.lN. A 95 Mt~tIIN, v.e. Cs 757
COL/n&N, N. As 14 3151N0, K. P13 48

COLLITlo N..A 9 ERIH, .P. C203
* COWNSM Jr. S.A. Be 15IRT.JP P303 20

COfINE, 0. P202 123 HONG, J. Ps14 225

..... ;A 259

'I.4.X



HOUR, T.L. P315 227 LOMMANK, A.W. CONCL. 255
NU, Q.S. Pt16 148 LOUIRGUE, J.C. P302 201
HUANG, A. 12 163 LU. T. P11 219
HUANG, K.. B13 252 LUKOSZ, V. Px02 123
UUING, K.S. Iil 185 bUKOSZ, W. B5 103

UUIGNAID, J.P. At 239 LUKOSZ, V. Pz03 125
ICNIOKA, Y. Z3 177 LYTEL, R. As 237
ICHIOKAo Y. P208 213 NADANI, K. 3s 167
IIKEDA, M. Pz14 50 MAIT, J.M. P15 147
INBRRT, B. As 239 KAKSUTENKO, M.A. As 97
ISBIMAR, S. P114 50 MALARKEY, i.C. Es 172
ISHIKAVA, H. De 156 NALLICK, S. A. 239
ITOH, K. Po08 213 KARKILOV, A.A. C4 77
IYTECIKA, Y. P.01 121 KARON, . P107 36
JANS, J. Bs 84 MARON, Z. P312 221
JANG, J.S. Ptl2 46 M3RUANI, A.D. D4 155
JENKINS, 3.K. sit 185 MARX, G.E. Es 172
JENKINS, 5.K. Eia 252 MATHEW, J.G.H. At 10
JENKINS, 5.K. ca 193 KENDES, G. Po09 137
JEON, H.I. Z12 187 MENDLOVIC, D. P107 36
JOHNSON, K.1. Do 154 MIKAMI, N. P304 205
JORDAN, N.F. Co 75 HIRIDINOV, S.V. Plo0 27
JAGER, D. P201 121 HIRSALEMI, N.M. P.08 135
KAARLI, R.K. Ate 241 NITSUHASHI, Y. Pil4 50
KAJZAR, F. P302 201 MIYAZAKI, Y. P304 205
KARPIIRZ, N.A. P205 129 MONTES, C. Po01 199
KARPO ', V.I. A. 114 MOREAU, B. P310 217
KHOHENKO, A.V. PiOl 27 MOREAU, B. P103 29
KITAYANA, 1. P1l5 52 MOROZOV. V.N. A6 233
KLINGSHIRN, C. Po01 121 NUKHOPADHYAY, S. P106 34
KNITThE, C.D. P102 28 KUKOHZAKA, N. D 156
KNOWLTON, R.C. Bi 82 NUKOHZAKA, N. P115 52
KOCHKR, Y. P103 29 KURDOCCA, N.J. Z2 163
KONFORTI, N. Pt07 36 NAKAYAHA, T. D2 153
KOSAKA, N. P304 205 NEFJODOV, S.M. Ei 58
KUROKAWA, T. E, 181 NILLES, J. PtO9 40
KUZIN, Z.A. As 97 NONURA, T. P308 213
KUZNETSOV, A.A. Ii 58 OJEDA-CASTANEDA, J. P214 145
KYUNA, K. D2 153 OUDAR, J.L. A4 101
LAGERVALL, S.T. Al 9 OWECHKO, Y. P312 221
LALANN, P. 3. 167 PANKOVE, J.. Aii 243
LAUG, N. 54 88 PANTELIC, D.V. P108 38
LAVROV, A.V. P306 209 PAPUCHON, M. P303 203
bE SAUX, G. Ps03 203 PAPUCHON, N. A2 69
IE SAUX, G. Ps02 201 PARK, U.K. Ps13 223
LIXRETON, G. Ps03 29 PARK, J.S. Pa12 46
LEE, S.Y. Pa12 46 PEDRINI, G. E4 64
LEYCURAS, C. Po01 199 PEIRLINCKX, L. P.05 207
.-1, C.F. P216 148 PERIPKbITSA, V.V. P306 209LIANG, . Psi6 229 PETERSON, C. Do 22

LIKFORNAN, J.P. Pil0 138 PETROPAVWOVSKII, A.I. PgO4 127
uiP$COmD, G.F. As 237 PETROV, M.P. As 97
LITYNSKI, D.M. Pill 44 PIRANI, P. P202 123
LOINANN, A.V. Be 103 PIRANI, P. Pt03 125

f 260



- -7

p)

POCHOLLE, J.P. PS3 203 STUCKE, G. Es 165
PRWAUNA-KUMAR, V.K. 1. 187 SUGLA, B. E 170
PRATT, J.P. CA 75 SUZUKI, Y. Pi10 42
PARI, H. Ps09 215 SUZUKI, Y. Do 156
PROTOPOPOV, V.N. ks 114 SZOPLIK, T. P:05 129
PSALTIS, 0. Pal0 138 TABOURY, J. Ele 183
PSALTIS, D. D1 19 TABOURY, J. El 167
PUGNET, H. Ad 95 TACKARA, J.1. As 237
RAJBINBACH, N. Is 239 TADOKOKtO, K. Es 60RMSHAW, N.J. Pj04 30 TAGMIZADEM, N.R. C. 195
RAJEAC, A.A. Ale 241 TANAKA, H. P804 205
RZBAMJ1; A. A. A4 0 241 TARANZXKO, V.D. AT 116
ROFIZLD, S. As 12 THALMAIN, R. X4 64
RIFIELD, S. Be 86 TEIBAULT, X. 84 88
REDFILD, S. Ds 22 TEIENPONT, H. Pa05 207
RZDEOD, I.E. Co 195 THIRIOT, A. Ca 73
R3ODS, .T. P212 141 THOMAS, J.A. so 103
RZEL, J. C2 73 TICKINOR, A.J. As 237
RIBEL, J. Palo 217 TOMODA, T. P204 205
ROBERTSON, B. C6 195 TOYODA, H. Do 156
ROPE, E.L. P109 40 TRICOLES, G. P109 40
ROSEEIRER, A.G. By 107 UCHIDA, T. sEt 60
SAARI, P.M. Ale 241 UDPA, 5.S. P102 28
SAIC, S. P$09 215 UHRICH, P. P 10 217
SALIX, F. Ps03 203 VALETTE, S. P206 131
SAWCHUK, A.A. i 1 185 VARNA, A. Be 108
SAVCHUK, A.A. P207 133 VASNETSOV, N.V. Pt04 127
SANCNUK, A.A. Es 252 VASS, D.G. PL04 30
SCEVIDER, J. as 103 VOEVODKIN, G.G. E3 58
SCOTT, P.B. B 82 WAGNER, K. Di 20
S3RKN, V.11. As 114 WALKER, A.C. As 10
SHADIER, N. CA 70 WALKER, A.C. Cs 195
SAMIR, J. ?08 135 WANG, C.H. ZIA 185
SHIM, C.S. PA1 2  46 WANG, J.M. Eli 185
SHIN, S.Y. Pi12 46 WANG, Z. P316 229
SHLYAGIN, N.G. P101 27 WEBER, A.G. Eli 185
SILLITTO, I.E. P104 30 VEGENER, M. P201 121
SIRAT, G.Y. Palo 138 WHERRETT, B.S. AS 113
SIRAT, G.Y. D4 155 WINGEN, G. Pr- l 121
SIGON, P. B4 88 WITT, A. Pi01 121
SITTER, D.1. P212 141 VOLINSKI, T.R. Pr05 129
SEAZEELIUK, H.F. C4 77 WU, N. P,10 42
SxzvTS, 1. P*05 207 WU, N.H. Ps13 143
SMITH, S.D. Ai 10 WU, S. P316 229
SMITH, S.D. Cs 195 XU, K. P314 225
SOlVER, a.H. P12 221 xU, S. P209 137
SONG, Q.v. Pi10 42 xUE, W. Pt16 148
505, J.I. ST 107 YAJINA, N. P.l3 48
SOSKIN, H.S. AT 116 YATAGAI, T. P114 50

dSPRN, Y.V. As 97 YATAGAI, T. PA13 48
STARIKOV. S.M. C4 77 YU, F.T.S. Pilo 42
STILLER, l.A. As 237 YU, F.T.S. Pall 219
STRZIL, N. So 103 ZiANG, L. Do 154

~261



P2-40

CONOSCOPIC TELEVISION SYSTEM

Didkr CHARLOT
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A holographic camera and a three-dimensional workstation, based
on the principle of conoscopic holography, are currently under develop-
ment and will be presented. The development is pursued at "LE CONO-
SCOPE " in collaboration with E.N.S.T. for industrial three-dimensional
imaging purposes.

Conoscopic holography is a holographic technique based on light pro-
pagation in uniaxial cristals. In this process the diffraction pattern is
obtained by illuminating the object by an incoherent monochromatic light
and by imaging it through a birefringent crystal located between two cir-
cular polarizers. A simple presentation of conoscopic holography is to con-
sider the ordinary and the extraordinary waves, that are separated naturally
by the uniaxial crystal, as equivalent to the object and reference beams in
a coherent hologram.
The scale of the effect, characterized by an equivalent wavelength, is tun-
able and depends on the opto- geometrical parameters of the system. It
can vary from 3 to 100 times the recording light wavelength. This scale
factor allows digitization in real time of the holograms on a CCD camera.
More over, there is no problem of stability between the ordinary and the
extraordinary waves unlike between the object and reference waves in
coherent holography. One of the main advantages of conoscopic hologra-
phy is the simplicity of the system, built only with crystals, wave-plates
and polarizers.
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The camera is built on a standard CCD sensor, a standard optical sys-
tem and the addition of the conoscopic pre-objective - the conoseope -
mounted between the optics and the camera. The heart of the conoscope
is a uniaxial birefrigent crystal. In the first prototype we used a cylindrical
calcite crystal with a diameter of 20 mm and a length of 35 mm. The opti-
cal axis was parallel to the cylinder axis. The conoscope also contains
two circular polarizers or a circular polarizer, a quarter wave-plate and a
linear polarizer. The illuminating source was an incoherent mono-
chromatic sodium lamp.

This system will record a complex conoscopic hologram containing
the complete three-dimensional information of the viewed object.

The three-dimensional workstation is built from a standard frame
grabber and a microcomputer. The video signal from the camera is digi-
tized and processed by the station to yield either the complete three-
dimensional object or differential information.

The numerical processing is based on the properties of the Fresnel
Transform which is readily computed from the Fourier Transform, and so
the bulk of the computational task can be parallelized and dedicated
hardware can be used.

Utilising additional computer power such as an array processor or a
FFT dedicated hardware ( numerical or optical ) a 128 x 128 x 128 resolu-
tion and a quasi real time (Is) ai- targeted for the prototype.

In this paper we will present parameters, theoretical and experi-
mental results of the system, and possible applications.

• ;" , . 40
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FREQUENCY MULTIPLEXED RASTER
AND NEURAL NETWORKS
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In the first part of this paper we will present Frequency Multiplexed
Raster (FMR) optical implementation of neural networks. A hidden
difficulty for hardware (optical and electronic) implementation is the
dimensionality of the synaptic matrix which is twice the dimension of the
input and output matrices or vectors.

For two-dimensional images, which is, we believe, one of the greatest
potentialities of neural networks, the synaptic matrix is 4D and cannot be
directly implemented in optics.

We propose Frequency Multiplexed Raster (FMR) as a method to fold
this matrix in a two-dimensional format. The FMR coding permits to map
a four dimensional army on a two-dimensional array in such a way that
the operations needed to implement a neural network can be performed by
a simple optical system.

Let us start by discussing the simpler 2D -+ ID mapping. For simpli-
city, we present the mapping of a two-dimensional image into a one-
dimensional time signal. A standard way of coding a 2D object into a
ID time signal is the well known television raster : Time Multiplexed
Raster, the image is scanned, one pixel after the other, line after line. As
early as 1925, Foumier d'Albe proposed an alternative coding scheme,
Frequency Multiplexed Raster, where each pixel is associated to one dif-
ferent temporal frequency. The spatial information of the original image is
thus mapped onto the frequency domain of an electrical signal. A one to
one relation exists between the spatial frequency domain and the time
domain as well as between the spatial domain and the temporal frequency
domain. This mapping allows spatial frequency manipulations through
sequential processing of an electric signal.

The same formalism permitting to code a two-dimensional image on a
one-dimensional time signal was extended to permit the coding of a four-
dimensional matrix on a two-dimensional spatial matrix by performing
FMR coding on x and y axis separetly. The 2D inputs, whether probes or
memories, are also coded into N7 *Narrays, for compatibility purposes.

r ;.
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In the second part of this paper we will describe the system built in
our laboratory showing the feasability of FMR optical neural networks.
The system i built from an optical input module, a fixed synaptic matrix
coded on a tansparency, a CCD camera and a micro-computer which per-
form the thresholding and feedback operations. In a later stage the fixed
matrix will be replaced by a programmable matrix. Such a system is com-
posed of three subsystems:

- a coding processor in which the binary original memories are coded
into a synaptic matrix;

- a mass storage element, to store the synaptic matrix;
- a retrieval processor such that a probe introduced in this processor

converges to the memory closest to it, provided the probe is within the
"attracting basin" of that specific memory.

Each one of these subsystems can be implemented by an optical sys-
tem, by an analog electronic system or by a digital system. The choice
between the implementations has to be guided by technological and practi-
cal considerations, and evolves with availability of new technologies and
devices.

We make the initial choice of a hybrid digital/optical system in which
only the procedures in which N4 operations are needed - (N2 being the
number of pixels) are implemented optically : all other operations are
implemented digitally ; moreover, we keep a digital option for the coding
processor, since a fast response time is not needed in that case. Although
these choices may seem timid compared to proposed all-optics schemes,
we observe that in the present state of the art, these conservative choices
lead to systems available in an acceptable range of time. Of course, these
systems may evolve, with the technologies, towards all optics systems.

{ 1t
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Abstract

A new optical interconnection using 1-D electro-photanic semticonductor

arrays (VSTE) * is presented. It realizes variable interconnection, signal

suima tion and thresholding functions for optical neural networks.
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qtica1 necneto is a promising technology for neural networks and
parallel processing, because of its ability to provide global itroncions
without bandwidth deterioration according to the connection capacitanfe

0 Recetly, various Optical interconnections were proposed for this purpose.
nowever, optical implementations were comliated and their module siie, were
difficult to be reduced. ?his paper presents a new category Of Optical
crossbar interconnection , realizing variable interconnection - signal "metion
end thresholding in a simple configuration% using a Vertical-to-Surf ace Trans-
mission Ulectro-photonic device (V8YUP) as a light source, detector and

traoing device.
Figure 1 shows a schematic drawing of the optical crossbar inter-

cNetion. it is ouPosedi of a Couple of one dimensional ( -fl) VtU arrays and
a spatial light modulator(NDI) * Those 1-Dl VITUfs have a stripe shape , where
the stripe directions are orthogonal with regard to each other. Input signal

i(l-.n) individually drives the strip VSYUP 1. Light emitted by the VV?3P
passes through the DM, where the optical transmission of the matrix element
CJ~i) is V and is detected by the 1-fl VBM 2 in the stripe direction. This
means that 1knput signal Ii can be obtained from any output 0. according to the
RA's pattern. The VVMU also has a thresholding function At well as a light
source and detector.* Therefore , the output signal 0O(1-1-n) from the l-D

VV2is obtained by multiplexing vii to I~ and thresholing,ax follow.
n

where f is a thresholding function and lb is a bias.* Therefore , the presented
cosbar interconnection works the sam as neural networks.

Figure 2 shows a pbotomicrograb of 1-0 VVMU arrays (8 arrays),* where
each VEYD has 6 windows in a stripe direction. The incident light is detected
through these windows. A cross sectional iiew of the VSI'U is shown in Fig. 3.

The present VIYUP has papa structure, grown on a semi-insulating GaAs
substrate with molecular bams spitazxy. An n-GaRs gate layer acts as a light
absorpIo e nd light emitting layer. NSien positive bias voltage Vb, which is
lower then the switching Voltage V51 is applied to the VM and light is fed to
the devi cer ,0 turns on, and radiates spontaneous light. The light power for
switching the VIPdepends on the bias voltage Vb. Therefore, the light signal
gumntie an threhlding funtions an be carried out.

Th easperismatal set up for the Optical CZosbar interconnectiont shown in
Fig. 1. W". built up using a couple of 1-fl VUYTs, a Photomask in place of the
DLII and a lens iaging the 1-fl V8YEP1 onto the 1-D VBDYKP2- individual

inerm astioss between the input and output channels were carried Out, and
the fW~mtal uMotion of the neural networks . Wjre the sommtion of the
input sigmal Mnltiid by weighting factor is thregbolded * was confirmed.

1gm4 sowsthe the sWitchin Voltage decrease A V Of the WYU'2 With the
Y*UM1114igt imaiet on the VVTM. Th- threebling level could be Getexulned
by the bia# voltage V M Te clock rate for the Operation was up to 8U apeo
limted by the scrnmsetc les at thes booni lens. other apermets indicate
4w ub" opes~tion with suff icient Ught power on the w.20.
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fho presented optical interconnection. using VBTUP. has a SiMPle
Configuration ad has excellent potential fair realizing a very large scale
network at high speed. because of its functions regarding variable

iutoramasoic. igea immtion and thresholding. furtherenre. the VSTzfsare
used at the imput and output In the peesented onfiguration. 2herefore, it is
possible to connect them In cascade for constructing optical multilayer
networks. sweb as beck pcumegtion machines or pipe-line optical processors.

The authors would like to thank brs. U. Sekaguchi. N.Nishida, RLLang and
K.Tansee for their suggestions and encouragement.
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AbsUbt

We analyzed, designed and fabricated (using the molecular beam epitaxy technique) a

planar GaAs-ased multiple quantum well (MQW) diretional coupler. Due to a larg Kerr-

typ nonlinearity of the MQW coupling medium near dhe excion resonance wavelength an

effcint all-optical. control of t transfer of enegy between t two wavegides is

acieved. An applicatio to implementing optical computing devices is straight forward

andii
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With the progress in optical cmunication technoogy optical fibers have become

doe medium of choice for high data nt transmission. Currently, the processing of

signals relies on conventional electronically controlled devices. Thewe hybrid

systems are often inefficient and limited in their infocnation-carrying capacity.

Also in computing technology, high-performance system of the future would

suffer from interconnecting problem associated with electronic devices as well as

from inherent limitations of purely electronic chips.

A beoter alternative seem to be to employ all-optical information processing or a

combination of advantages of electroics and optics generally, using novel optical

and optoelectronic devices which are now being studied and developed. One such

device, the nonlinear coherent coupling elemnent, is discussed in this contributi.

The directional. coupler employs the coherent interaction of two optical waveguides

placed in clos Proxcimity. The nonlinear version of t couplec utilizes a nonlinear

medium to control this interaction.



Owuromp -wlni -eie md fabicamed (using the molecular beam epitexy

teiii)a pkaw G esed nultipl quasum well directional coupler. In this

structr two lisew ad toule. optical waveguides maide of AIGaAs of a proper

couI MF 0ition an coupled though a multiple quantumn well material that exhibits a

larg Kerr-type nonlinearity at or wear the excison resonance wavelength.

Changes in the refractive, index related to exciton resonances lead to variations of

the interaction length of the coupler which in turn determines the distribution of

Optical power at the output A strong nonlinear switching occurs nea the so-called

critical power.

In our experiments, the optical intensity-controlled transfer of energy between the

two waveguides of the coupler was shown to be very efficient at low input optical

powers (milliwatt.) and for short lengths of the sample (hundreds of micrometers).

Thle element could be used, for example, for switching of optical signals using the

intensity of the light itself as the controlling source. It also holds a promise for the

development of future all-optical integrated logic or computing devices.
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Experimental results fron *it optical implementation
of a simple neural network

11.1. White

Sowerby Research Centre, FPC 267, British Aaqw plc
PO Box 5, Flton, Bristol, BSI2 7Q W, UKC

1 Introduction

Muck recent work is the Adld of optical comsputing has conenmtrated upon the parallel
asociative smmoy/nteal, network algorithm. Here we present rum1It from am imp1.-
Inuation of a simple uual network. An optically addressd spatial light modulator
(SLU) is used to perfom thrusbolding ad thi amplitude computer generated holograms
perform the weighted interconnections. Two 6-bit vecton and their oomplemmts were
dted as the memories and the network was found to always converg to the memory
closest in teres of Hasouning distance to the input vector. This perforsmance is better
than that of a electronic simulation of the model and this difierence has been found to
result from the temrporal characterit of the SLM (a Hughes Liquid Crystal Light Valve
(LCLV)). Th temsporal respoms acts to give greater stamlty to the memoriles and as such
allows a larg eumber of memories to be stored on a given Asn of network, It ia believed
that this temporal response can be used to advantage in future fast switching SLUs.
2 The Neural Network Model

The model implemented was the Hoplield moodel (ll with bipolar vectors and with all
the vector elements being updated simmultaneously. As reported previously 12) this can be
described by the equations:

T =O0 and Tij= *j~1m~s' (1

T=T -T-, s-a+s-s l (2)

N + Nr

if (T+jj~o) +Tij-")) (i + Tid;)

j j
(3)

j N

Whee ~nwbwoftaneres T~atixof intercommectionm &()=qm eco;
44"t=outu etr(ecmigteiput vector for the next iteration); #F')=memory

3Optiamplsmttioa

The nt "dter Pa)~ is recorded on a photographic plate and etedinto the system
wMt a esillhised lese beam The lLW is used as the thresholding des ad it in biased
I. er a wm 6o pode two binary vedte being the cemplicatedt of eb ether frests

Input. Is thi aregement if the impat beam coasats of the vector s~f) the outputs will



be lbs vclass 00") and 0"'). Typical ouptversus input curves for the LCLV ane
she". in fture 2.

Releappbi interconnections are used to perform the vector-matrix multiplications in
equation (3). The mbh-product. required for th" arc

7,-iand T.+js7 foeI - N

where *J is s, give. elmn of the input vector. Holograems have been created which stom
all the elements of , fora particular value oi j. The operatioa .1 suchi a hologram is such
that when adduesed by a light intensity sj, K spanly separated outputs am produced
which have intensities equal to the products A44*,. N hoiagnm. one far auth value Of j,
ar e ed such that the output from the holograms overlap and incoherently add to produce
N spots. This incoherent addition is performed by means of a dMUMo on the write aide

of the LCLoV. The intensity of the spots give the the resultant vector s'+ where:

I+4 = V (4)

The holograms wre Lee type computer generated holograms which were calculated ad
plotted with a lase printer, before being photoreduced onto holograplic plate.

Two 6-bit memories were stared on the system, these were Wied to form 2X3 pixellated
Imagie. As is usual with the Hoplield model the complement vectors also become memory
states. The memories stored were aAT +,1+,l+.1 gave 3(a) and an ILI (+1,-i,-
l,+l,+l,-l) figur 3(b) and their complements &-,l-,+,l+)ad(1+,+-,.+
figures 3(c a"d d). The holograms storing the positive and negative weighting@ for these

meore we shown in figure 4. The positive hologra only consists of four elements
because there are no positive weightings from elements 4 and 6.

4 Results

Figures 5 to 6 show the output of the system in response to different inputs. This
shows that the system is capable of retriving a stored vector from an input which is a
noisy representation of that vector. All the 64 possible input vectors were entered into
the systems and in each case the output vector was the stored vector nearest in terms of
EHamming distance to the input.

In a simsulation of the system, sychronous updating of the thresholding elements was
assumed. The results of this simulation showed that the "r stored vector was much more
stable than the other stored vectors due to the greater number of positive one it contains.
This did net manifest itself in the optical system because the LCLV respondse faster to
ani input w"ic greatly exceeds the threshold level compared to an input which only jut
exceeds the thresold level. For certain inputs, the output from a quicly responding
element is fadhack through the holographic interconnections in time to prevent slowly
resPondig element. from switching on at all. It is this effect which makes the stored
vecltr equally stable in this optical system. Although the LCLV is inadequate for any
serious optical computing system it is believed that this temporal respouse can he used to
advantage in future fast switching SLMs.

4 oerenees;

1. J.J.Hopfleld 'Neural networks and physical systems with emerlpend collective coam-
.~.,puaie"ailties" Proc. Nail. Arad. Sci. U.S.A. Vol. 79 21564-2568 (1962).

2. E.Wblnte W.A.Wright 'Helographic implementation of&a Discrete Ropied Neural
Me.o Moder" Proc. SPIN 682 (1988).
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Figure 3(c) Figure 3(d)

Figure 3: Stored memories

Figure 4(a) Figure 4(b)

Figure 4: Holograms storing the weightings

(a) positive (b) negative
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Figure 7(a): Input Figure 7(b): Output

Figure 8(a): Input Figure 8(b): Output

fc6ta " j



Dual Resonator Optical Logic Gate

David A. Holm and Barbara A. Capron
Boeing Electronics High Technology Center

P.O. Box 24969
MIS 7J-27

Seattle, Washington 98124-6269

We analyze the performance of a novel optical logic gate
configured with two intersecting nonlinear Fabry-Perot
resonators, illustrating the results for three different

nonlinear media.
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MMVARY

We analyze the performance of a novel optical logic gate

which is able to exhibit genuine three terminal behavior.

Two Fabry-Perot resonators are configured such that the

optical input beams intersect through a nonlinear material.

One beam is the bias input and signal output, while the

other beam acts as a control. The much weaker control beam

may tune or detune the resonator containing the signal beam.

Previous discussions of this configuration have been only

qualitative. 1 In this work we present quantitative results

based on analytical calculations for a medium possessing a

linear background absorption and a Kerr nonlinearity. We

model the device following the steady-state fields in a

single Fabry-Perot cavity work of Miller.2  The resulting

coupled, transcendental equations are solved numerically to

give the signal output power. By an appropriate

optimization of the design parametern, the crossed resonator

geometry can yield differential gains of roughly four, and

perform as an optical transistor. Results for this device

are compared for three sample media often discussed as

potential material candidates for optical computingi bulk

GaAs at 0.0 pm, the intraband transition in a GaAs-AlGaAs

multiple quantum well at 10 pa, and organic polymers at

around 1-2 pm. An important figure of merit relating to the

absorption loss ( ) and cavity length (L) for crossed

, ,- , . r



resonators in desired. Our calculations indicate that

optical dif ferential gain can be achieved when 04-' -L < 0.02.

More detailed calculations will be presented at the

conference.

1. L.C. West,. Computer, 34, Dec. 1987.

2. D.A.B. Miller, IEEE J. Quant. Electron., 17, p. 306

Ir
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INRISI SAIA PLTRIGPRPBTXOIN BO0 CRYSTALSr

L.N.ZBRBIIIO and N.BuOwzwKI

Centro do Investisaciones Opticas (crop). CIC. Argent ina

ABBTRAC~s

The enisotropic spatial resolution of the photorefreot ive B80

crystal in the transversal configuration is analysed and showed.

Such behavior provides a spatially variant filtering operation.

SUMMIARY s

Image processing with photorefractive materials in a very

active field. Partioulaa'y, 380 crystals are widely used. In thin

oontribati6a results related with anisotrcpio resolut ion in 380

crystals are presented.

In the transversal configuration here employed, the face of

light incidence was parallel to the (110) plane and an external

field U z parallel to the L2101 direction was applied. With this

configuration the iniduced birefringence An(r) is evaluated a:

an(r) 2 _ n 0 (Eyea (r) + 4 r)

whr 41 sh appropriate photorefractive coefficient of the
eleetrooptical tensor; no is the refractive index without external

field; U represents the y-oomponent of the Induced apso chargeyin.
fields B (r) 2 zU +32r~ (r) represents the external applied field
plus the -cmoetof the induced field; the attached coordinate
systen Is z 1(10], y // [0011#. a // (4101; r 18 (zgyps).

In order to analyse the mentioned behaviour a Nacoh-Sebnder

Interfercueter was used. A system of interferen*e fringes CA -
514 us) of fized spatial frequency was proJeted on the (110) face.
Tbe 0274tel of dimensions L = L -10 -.m Lo me was operatedx y - I
in tV. Drift dominant mode (8 -o 7k/em). The angle between B
mad I MW vagied through in plene-rotation of the interferen*e
friinges system. The K1 vector is defined poczyeadiculaa. to the We-
Seebed twidoge and always reawins pmlleol to the (110) glans.

&,ee0~6CA.
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Bimultansous read-out (~-633 a) under different conditions

of polax-ination ahowed that the measured diffraction efficiency

decrease* as th. angle G Increases. 84-41ar results with different

spatial frequencies were obtained (10 to 100 la/rn). The"e results

could be interprted considering that the distribution of~n

throughout the crystal tends to be uniform (the sme in dark and

bright regions) as e incroaea for & flied spatial frequency.

Also, when incoherent 112mmination. was employed,* the read-out

images (Ronchi rulings) showed & increasingly faded resolution an

the stripes rotate from the C001] direction.

This behaviour suggests -the implementation of a spatially

variant filtering operation with arbitrary selection of the direc-

tion to be filtered.* Some ezamples are shown.

P~ i~



Critical eoopli.~ strength for eahapeed four-wave mixing by use of movinug Interference
gratings In difttsion dominated photorefrtve crystals

Hochshulsr. 21 610 Darmtadt Westrn Grmdn

Abstract
With that technique an Increased reflectivity Is obtained for a coupling strength above a
critical value. our purely analytical study discusses the important dependence on the
pump beam intensity ratio and the (temporal) grating frequency.
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Critical coupling stengtht for enhanced four-wave mixing by use of moving interference

C. Denz. J.Goltz. T. Tschudi Intf.agw hskTHDarmstadt)

let foiar-w.tve mixing processes (geometry see fig. 1) two writing beams - signal st and
pump beam p, - form an Interference pattern which leads to a corresponding Index gra-
ling via tihe photorefractive effect. Diffraction of the readout pump beami pa at this vo-
lume holor~ram leads to. the phase conjugate signal s2. in diffusion dominated photorc-
fractive crystals treat coupling coefficient -1) that phase conjugate reflectivity Is reduced
by destructive Interference:
For crystal orientation with 1>0 the interference grating szpz' is phaseshifted about %.
relative to the interference grating sip&* of the writing beams'. Thus the resulting inlt-
ference grating and correspondingly the Index grating is weak. In order to increase the
Index grating, this negative feedback must be broken. one possibility is deviation fronm
the Bragg -condition"', the other one Is the application of a running Interference grating
which leads to a complex effective coupling coefficlentr. Thus the light diffracted frwri
the readout, PUMP is modulated by a phase depending on the z-coordinate of the crystai
which destroys the phaseshift of x. The final result of both possibilities to destroy nega-
tive feedback is an enhanced efflciency of four-wave mixing"'4.
Numerical evaluations' showed that In a diffusion dominated crystal (BaTiO,) an enhance-
ment of reflectivity Is possible only It the coupling strength Is above a critical value:
-Vol > 2. but its dependence on Important four-wave-mixing parameters was not examined
further. In our purely analytical treatment - assuming diffusion dominated crystals and
weak Input signals (undepleted pump approximation, guarantees large phase conjugate
refiectivities) - we can show that the critical coupling strength depends on the pullet
beam Intensity ratio and can be significantly above 2. We also examine the reflectivity R
as a function of the grating (temporal-) frequency 0. The four-wave mixing reflectivity R

JS2(Z0)J2 S,(Z=0) 12 is for small Input signals given by':
0 li (1)1

where -1 is the coupling coefficient, I'sl the crystal length and g = I D1I2/J P2 I for
7o > 0 (or I pa1 11pi 12 for yo < 0) is the pump beam intensity ratio..
The dependence of the coupling coefficient I on the (temporal) frequency 0 of the Inter-
ference grating can be calculated by solving Kukhtarev's charge transport equations' for
a moving Interference grating. For weak Illumination intensity (arbitrary intensity leads to
two time constants) the solution Is:
7 = 7*/(1+iOT) (2)
where I# and r are real valued for diffusion dominated crystals.
Eq. (1) Is illustrated In figs. 2 and 3 for several coupling coefficients. Fig. 2 shows the
dependence of the reflectivity R on the pump beam Intensity ratio e for zero frequency
detuning and for optimum frequency detunlng. The dependence of the phase conjugate re-
flectivity R on the frequency detuning I OTIItself - with the parameters coupling
strength and pumsp beam Intensity ratio - Is presented in fig. 3.
From (1) we derive that for

owfave I) + ap 11

maximum phase eo*ugate reflectivIty R is obtained for Q 0. Condition (3) cannot be
fulfied for weak couplin. Per strong coupling - exe( 11.11) )> 1) - eq. (3) simplifies to:

V. 2r~ )+ 2eex(- 11111) (4)
and thus the critical Coupling strength c .s 2 + 2-e-oxp(-c) can be significantly above 2.
The Case c = 2 Is Included In our solution for 2 (( exp(c)4.
rom (4) we see that tae critical Coupling strenth Increases with Increasing Pump beom
Intensity ratio. Thus we get an enhanced pha. conugat realctivity espeialily for week

pupbeem IlFAIty man. 14.vetbellaua in the case1 of stren Cowpin a signiftlUY
Gonh a Be pb.uSwgsg nmwtlvwt ta Do obtaineed even for hirg. Pump beam intensity
tbee. ee fg Sc or so..

Few Staes coou"n ep-~l/iil) (< 1) go got from (1):

Owl A ew. im

A.~j inv:



The term uv has for re listic coupling (1ielle < 2x) an extremum (minimum) only for a
s evalue of joi. while u s is a monotonously increasinr function. These considerations
Ied to the conclusion that It() has two maxima at 0 = :; 0ot or one maximum at
0 a 0. The calculation of 9.,s leads to a transcendental equation which must generally
be computed numerically. But for the case close to the critical coupling strength (J1011
e) we can use the Taylor decomposition to discuss and art:lyse the R versus 0 curve. The
maximum of R Is then obtained for

. ._ - . 1 . (6 )

As (6) shows the R versus 0 carve exhibits two peaks for 1i'i( >c or the r versus I QT,
curve exhibits one peak at Irj : 0.
To support and extend previous examinations of enhanced four wave mixing reflectivity in
diffusion dominated photorefractive crystals by use of m.)%ing interference gratings we
have analyzed this reflectivIty for the case that the coupling strength is near the critical
value and the input slngal Is weak. The reflectivity versu!F grating (temporal) frequency

exhibits two peaks- for a coupling strength above a critical value. Furthermore we dis-
cussed the critical coupling strength as a function of the pump beam intensity ratio.
These examinations ensure systematic adjustment of four-wave mixing efficiency In optical
data storage and Image processing.
This work Is partially supported by Sonderforschungsbereich 185 "Nichtlineare Dynamik" of
the Deutsche Forschungsgemeinschaft.

Fig. 1: Palacipi. gCometry
of four-wave mixing
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Stochastic odeling of the Optical Distributed Arithmetic Unit

C. D. Knittle and S. S. Udpa

NSF F C for Optoelectronic Computing Systems
Department of Electrical Engineering

Colorado State University
Fort Collins. CO 80523. U. S. A.

Considerable attention is being focused in recent years on
the development of high speed optoelectronic devices not only due
to their inherent speed and parallelism but also due to the ease
with which these devices can be interfaced with the current
electronic world. This paper presents a new device called the
Optical Distributed Arithmetic Unit (ODAU) which is capable of
performing high speed binary arithmetic.

The Optical Distributed Arithmetic is conceptually somewhat
similar to the time integrating correlator proposed by Kingston
Ell. There are, however, substantial differences in the manner in
which the data is processed. The ODAU consists of a spatial light
modulator (SL) optically coupled to a photo detector array (PDA)
on a cell-by-cell basis. This doubled layered structure is placed
in front of an injection laser and lens arrangement as shown in
Figure 1. The SLN and PDA are charge coupled structures built on
multiple quantum wells of InP/GaAs. Quantum wells are regions
containing excitons, which are loosely bound pairs of electrons
and holes. The excitons absorb light at wavelengths which are a
function of the electric field and hence the amount of charge in
the cell. As the laser is pulsed the light incident on the
surface of the SLU is modulated according to the amount of charge
present in the cell. The transmitted light then generates a
charge in each PDA cell proportional to the intensity of the
light incident on it integrated over the exposure period. The
charge generation is cumulative in that the generated charge will
be superimposed on any charge existing in a PDA cell. The ODAU
includes a simple carry unit for each column to restore data in

binary form as well as serve as a regeneration unit.

Addition is accomplished by clocking the two binary operand
streams into the columns of the SE and PDA and flashing the
laser. The contents of the SLU are linearly superimposed on the
contents of the PDA resulting in addition. In order to obtain the
sum in a binary form, the contents of the PDA are clocked through
the car" units. In the case of vector/scalar rultiplication, the
binary operand streams representing the elements of the vector
or-e cloeoed into the SUE. The smalar operand stream is applied
sequentially to the Laser. Execution of an appropriate sequence

, A I of shifts and adds results in multiplication. Addition and
multiplication operations can be performed simultaneously with no
additional overhead for addition by clocking in the operands to
be added into the PDA prior to the initiation of multiplication.
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In addition to a detailed description of the device the

paper presents a mathematical model incorporating several sources
of noise and characterizing the device. Statistical expressions
for the expected value and covariance of the charge in any cell
of the SLM and PDA are presented. It is shown that the variance
associated with the charge in a cell converges very rapidly
within two or three shifts. The device was also simulated on the
computer using the model to estimate bit error rates as a
function of the signal-to-noise ratios (SNRI associated with the
various noise sources. Simulation exercises were also carried out
to estimate optimum threshold levels for the carry unit. These
tests were repeated for devices where the result was allowed to
accumulate in the PDA over more than one cycle before a carry
operation was initiated. The simulation exercises have shown that
the device is indeed viable if the SNR associated with the
transfer efficiency can be held above a minimum value. The
analysis has also revealed other limits of the device.

The paper concludes with a brief discussion on the
applications of the device. It is shown that the device lends
itself very well to implementations of signal processing
algorithms.

References

[1] Kingston, R. H.,"Signal Correlation Using a One Dimensional
Electroabsorptive CCD Spatial Light Modulator," Proc. of the
IEEE, Vol. 72, No. 7, July 1984, pp. 954-961.
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71M~ OPTIC XfNAMIC MMORY FOR !Hu PAST SIGNAL

PROCES SIXJO AND OPTICAL CONKPUTING

M*IjaloVolov, Z.M*D@AnoV, V'.I.KsxpoV, N-VtQoV*Sri

General1 Physics Institute, AcadeW fSine o h SR
38 Tavilov Street,Mocw174,US

ABSTRACT

Different types of memories on the base of fiber optic round
circuits of the data recirculation for the fast siEVAl processing
and optical computing are presented.

4V

......................................................



A -~ V ~7

'~ 4

A __________________


